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SUMMARY
The u s e  o f  t h e  n e g a t i v e  glow d i s c h a r g e  i n  neon  to  p r o v id e  t h e  b a s i c  
e le m e n t  o f  a  f l a t ,  b r i g h t  a lp h a - n u m e r ic  gas  d i s c h a r g e  d i s p l a y  p a n e l  w i th  
i n h e r e n t  memory i s  d e s c r i b e d .  The memory c h a r a c t e r i s t i c  e x p l o i t s  t h e  
p r o p e r t y  o f  t h e  i n d i v i d u a l  d i s c h a r g e  c e l l s  t h a t  t h e  v o l t a g e  r e q u i r e d  to  
m a in ta in  t h e  d i s c h a r g e  i s  l e s s  th a n  t h a t  r e q u i r e d  t o  s t r i k e  i t .  At a  
h o l d in g  v o l t a g e  i n t e r m e d i a t e  be tw een  th e  s t r i k e  and th e  minimum m a i n t a i n in g  
o r  e x t i n c t i o n  v o l t a g e ,  e v e ry  c e l l  w i l l  p r e s e r v e  i t s  s t a t u s  o f  b e in g  ’o n ’ o r  
'o f f *  i n d e f i n i t e l y .  I n  t h i s  way a m essage  can be  b u i l t  up w i t h  a  p a t t e r n  
o f  ’ o n T c e l l s  and s t o r e d .
Good c o n t r o l  o f  t h e  ’o n '  c u r r e n t  i s  p r o v id e d  i f  e a ch  c e l l  h a s  a 
s t e e p  p o s i t i v e  im pedance i n  th e  'o n '  s t a t e .  T h is  can  be a r r a n g e d  by a  
c a r e f u l  d e s ig n  o f  a l l  t h e  c e l l  p a r a m e t e r s .  H e r e ,  h ow ever ,  t h e  c h o ic e  o f  
a  s u i t a b l e  c a th o d e  m a t e r i a l  i s  shown to  be  o f  pa ram oun t im p o r ta n c e  w i t h  
t h e  g r a p h i t e  form  o f  c a rb o n  p r o v in g  to  be  t h e  b e s t  so  f a r .
A co m p le te  d e s ig n  th e o r y  h a s  been  d e v e lo p e d  by g a t h e r i n g  t o g e t h e r  
t h e  r e l e v a n t  i d e a s ,  some p u b l i s h e d  f o r  o v e r  f i f t y  y e a r s ,  t o g e t h e r  w i t h  new
i d e a s  w here gaps i n  o u r  know ledge w ere  a p p a r e n t .  These gaps c o n c e rn e d  th e
b ounda ry  e f f e c t s  when th e  glow i s  c o n f in e d  w i t h i n  t h e  n a rro w  c e l l  w a l l s  
and a l s o  how to  c a l c u l a t e  th e  i o n i z a t i o n  to  be e x p e c te d  when th e  p o t e n t i a l  
d i s t r i b u t i o n  i s  n o t  u n i fo rm .
W herever p o s s i b l e ,  s im p le  a p p ro x im a te  fo rm u la e  have  b e e n  fo u n d .  
A l s o ,  a  g r a p h i c a l  t e c h n iq u e  h a s  b e e n  d e v e lo p e d  to  e n a b le  t h e  d e s i g n e r  t o  s e e  
a t  a  g la n c e  how th e  v a r i o u s  p a ra m e te r s  i n t e r a c t  to  g iv e  h im  th e  d e s i r e d  
c h a r a c t e r i s t i c s .  T h is  e n g in e e r i n g  a p p ro a c h  h a s  been  u sed  t o  compare t h e o r y  
w i th  e x p e r im e n t  and so p r e d i c t  an optimum d e s ig n  w i t h  r e d u c e d  power 
d i s s i p a t i o n .
Xenon gas  f i l l i n g s  have  a l s o  b e e n  i n v e s t i g a t e d  w i t h  a  v iew  to  
r e d u c in g  th e  pow er ,  and t h e  p a r a m e te r s  w hich  a f f e c t  s t a b i l i t y  and  th e
w o rk in g  l i f e  o f  t h e  p a n e l s  have  b e e n  compared f o r  b o th  g a s e s .
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1. INTRODUCTION
The p a s s a g e  o f  e l e c t r i c i t y  th ro u g h  a gas  i s  o f t e n  m arked by a 
b r i l l i a n t  e m is s io n  o f  v i s i b l e  l i g h t .  The l i g h t n i n g  d i s c h a r g e  and th e  
xenon p h o to g r a p h ic  f l a s h - t u b e  a r e  b u t  two exam ples  w hich  a r e  i n d i c a t i v e  o f  
t h e  e f f i c i e n t  c o n v e r s io n  o f  e l e c t r i c a l  e n e rg y  i n t o  v i s i b l e  l i g h t .
D ev ices  d e s ig n e d  t o  e x p l o i t  t h i s  p r o p e r t y  r a n g e  i n  a p p l i c a t i o n  
from  th e  s im p le  neon  i n d i c a t o r  lamp o r  f l u o r e s c e n t  s t r i p  l i g h t  th ro u g h  to  
m u l t in u m e r ic  c h a r a c t e r  r e g i s t e r s  f o r  d i g i t a l  d i s p l a y  and t h e  h i g h l y  
s o p h i s t i c a t e d  l a r g e  a r e a  p lasm a  p a n e l  c a p a b le  o f  showing a t e x t  o f  up to  
s e v e r a l  th o u sa n d  c h a r a c t e r s .  i
The p a n e l s  a r e  t h e  l a t e s t  d i s p l a y  d e v ic e s  to  come o n to  th e  
m ark e t  and t h i s  t h e s i s  i s  co n c e rn e d  w i th  c e r t a i n  a s p e c t s  o f  t h e i r  
c h a r a c t e r i s t i c s .  A re v ie w  o f  gas  d i s c h a r g e  d i s p l a y  p a n e l s  h a s  r e c e n t l y  
b een  g iv e n  by G. F . W e s to n ^ ^  . E s s e n t i a l l y  th e y  c o n s i s t  o f  a  tw o- 
d im e n s io n a l  a r r a y  o f  d i s c r e t e  d i s c h a r g e  a r e a s  w hich  can be a d d re s s e d  by a 
c r o s s - b a r  sy s tem  to  d i s p l a y  th e  i n f o r m a t io n  i n  d o t  m a t r ix  fo rm . They have  
a d v a n ta g e s  o v e r  a l t e r n a t i v e  a r r a y s  such  as  t h o s e  o f  l i g h t  e m i t t i n g  d io d e s  
(L .E .D .)  b e c a u s e  o f  t h e  m o d e r a te ly  h ig h  v o l t a g e  300V) and low c u r r e n t s  
a t  w hich  th e y  w ork . T h is  a l lo w s  th e  power needed  t o  p ro d u ce  t h e  l i g h t  to  
be d i s t r i b u t e d  th ro u g h o u t  t h e  d i s p l a y  a r e a  w i t h o u t  much l o s s  i n  t h e  n e tw o rk  
o f  i n t e r c o n n e c t i n g  c o n d u c to r s .
D is p la y s  o f  t h i s  s o r t  o f f e r  a t  p r e s e n t  t h e  m ain  c h a l l e n g e  t o  t h e  
suprem acy o f  t h e  c a th o d e  r a y  t u b e .  They a r e ,  m o re o v e r ,  s im p ly  c o n s t r u c t e d  
b e in g  formed from  two f l a t  s h e e t s  o f  g l a s s  s e p a r a t e d  by a c o n s t a n t  gap and 
s e a l e d  t o g e t h e r  a round  t h e  e d g e s .  The i n d i v i d u a l  anodes and c a th o d e s  and 
t h e i r  i n t e r c o n n e c t i o n s  a r e  p r i n t e d  r e s p e c t i v e l y  on each  p l a t e  and t h e  w hole  
form s a f l a t  d i s p l a y  w i th  t h e  w ork ing  gas  t r a p p e d  as  i n  a  sandw ich  b e tw e e n .  
O f te n ,  though  n o t  a lw a y s ,  t h i s  sandw ich  h a s  a  c e l l u l a r  s p a c e r  p l a t e  w hich  
s e p a r a t e s  o r  c o n f in e s  t h e  i n d i v i d u a l  d i s c h a r g e s .  See F ig u r e  1. A 
re m a rk a b le  p r o p e r t y  o f  gas  d i s c h a r g e  d i s p l a y s  i s  t h e i r  b i s t a b l e  v o l t a g e -  
c u r r e n t  c h a r a c t e r i s t i c s ,  w hich  may be  e x p l o i t e d  to  p r o v id e  a memory ( o r  
s to r a g e )  o f  t h e  d i s p l a y e d  i n f o r m a t io n .  Once w r i t t e n  i n ,  t h e  i n f o r m a t io n  
w i l l  rem ain  f o r  a s  lo n g  as  t h e  v o l t a g e  i s  m a i n ta i n e d .  I n  p r a c t i c e  t h i s  
may be a c h ie v e d  i n  two p o s s i b l e  w ays , e i t h e r  w i th  an a . c .  o r  w i t h  a  d . c .  
m a in t a i n in g  v o l t a g e .  The p r i n c i p l e  u se d  d e r i v e s  from  th e  f a c t  t h a t  th e .  
minimum v o l t a g e  needed  to  m a i n t a i n  t h e  g low , known as  t h e  e x t i n c t i o n  
v o l t a g e  and d e s ig n a t e d  Ve , i s  g e n e r a l l y  a p p r e c i a b l y  l e s s  t h a n  t h a t  r e q u i r e d
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to  i n i t i a t e  i t ,  w h ich  i s  t h e  s t r i k e  v o l t a g e  V , s e e  F ig u r e  2 . I f  th e
a p p l i e d  v o l t a g e  l i e s  be tw een  and Vg t h e n  t h e r e  a r e  two p o s s i b l e  l e v e l s
f o r  t h e  e l e c t r i c  c u r r e n t ;  e i t h e r  i t  i s  a p p r e c i a b l e  and th e  glow i s  'o n '  o r
i t  i s  n o t  and t h e  glow i s  ’o f f ' .  I t  m a i n t a i n s  i t s  s t a t e  i n d e f i n i t e l y  u n l e s s
th e  v o l t a g e  i s  a l t e r e d .  W ith  be low  th e  glow e x t i n g u i s h e s  b u t  w i t h  i t
above V th e  glow comes ’o n ' ,  s .
N o rm ally  t h e  p o s i t i v e  s lo p e s  d V /d l  a r e  to o  s m a l l  to  c o n t r o l  I ,  t h e
c u r r e n t ,  by s e t t i n g  t h e  v o l t a g e  V^, p a r t i c u l a r l y  when t h e r e  i s  a  s i g n i f i c a n t
s p re a d  from  c e l l  t o  c e l l  -  Curve A.
An e x t r a  c i r c u i t  e le m en t  i s  needed  t o  p r o v id e  a more s u i t a b l e
c h a r a c t e r i s t i c  -  Curve B.
T h is  i s  u s u a l l y  a c h ie v e d  by th e  u s e  o f  e x t r a  im pedance e le m e n ts
w hich  f o r  a  memory p a n e l  r e q u i r e s  one i n  s e r i e s  w i th  each  i n d i v i d u a l  g low .
(2 )I n  t h e  a . c .  p a n e l ,  s e e  f o r  i n s t a n c e  B i t z e r  e t  a l  t h e  e l e c t r o d e s
a r e  c o a te d  w i th  a  g l a s s  o f  h ig h  d i e l e c t r i c  c o n s t a n t .  T h is  form s a c a p a c i t i v e
s e r i e s  im pedance . T h is  c a p a c i t y  w i l l  c h a rg e  up t o  oppose  th e  a p p l i e d  v o l t a g e
as soon as  gas  c u r r e n t  s t a r t s  to  f lo w .  T h is  r e d u c e s  t h e  a p p l i e d  v o l t a g e  u n t i l
i t  i s  be low  th e  e x t i n c t i o n  v a l u e .  B eing  a . c .  t h e  c u r r e n t  i s  l i m i t e d  t o  s h o r t
b u r s t s  f o l l o w i n g  a f t e r  each  v o l t a g e  r e v e r s a l  w i t h  a  d i s c h a r g e  s t r i k i n g  and
th e n  e x t i n g u i s h i n g  r e p e t i t i v e l y  as  c h a rg e s  s h u t t l e  backw ards  and fo rw a rd s
th ro u g h  t h e  gas  a c c u m u la t in g  and d i s c h a r g i n g  on th e  s u r f a c e s  o f  t h e  c o a t i n g
on each  e l e c t r o d e .
The memory p r o p e r t y  i s  a t t r i b u t e d  t o  t h i s  c a p a c i t a t i v e  v o l t a g e  on
th e  e l e c t r o d e  c o a t i n g .  On r e v e r s a l  t h i s  adds t o  t h e  a p p l i e d  v o l t a g e  so
e f f e c t i v e l y  lo w e r in g  Vg b u t  o n ly  f o r  t h o s e  c e l l s  i n  t h e  ’o n ' s t a t e  w hich
have had a s u r f a c e  c h a rg e  from  a p r e v io u s  d i s c h a r g e .  To change t h i s  s t a t e
t o  ' o f f '  t h e  c h a rg e  m ust be  rem oved. T h is  i s  done by c u r t a i l i n g  th e  a p p l i e d
p o t e n t i a l  i n  a m p l i tu d e  o r  t im e .
I n  t h i s  t h e s i s  how ever ,  we a r e  c o n c e rn e d  w i t h  a d . c .  v o l t a g e  and
a memory d i s p l a y  i n  w hich  th e  'o n '  c u r r e n t  i s  c o n t in u o u s  so t h e  d i s p l a y  i s
b r i g h t e r  b u t  m ust b e  e f f e c t i v e l y  c o n t r o l l e d  by  a s e r i e s  r e s i s t i v e  e le m e n t .
V a lues  o f  a  megohm a r e  n e c e s s a r y  f o r  each  d o t  w hich  makes i t  d i f f i c u l t  t o
p r o v id e  s e p a r a t e  ' b u i l t - i n '  r e s i s t o r s ,  t h e  d im e n s io n s  b e in g  o n ly  a few
h u n d red  m ic ro n s  s q u a r e .  N e v e r t h e l e s s ,  p r o p o s a l s  have  b e e n  made and
(3)e x p e r im e n ta l  p a n e l s  c o n s t r u c t e d  w i th  such  r e s i s t o r s .  Sm ith h a s  d e s c r i b e d
a t e c h n iq u e  f o r  i n c l u d in g  t h i n  f i l m  r e s i s t o r s  o f  e v a p o r a te d  n iek e 1 -ch ro m iu m
(4) . . .  . . .and W a l te r s  h a s  i n c o r p o r a t e d  t h i c k  f i l m  r e s i s t o r s  u s in g  a s c r e e n  p r i n t i n g
te c h n iq u e .  A u th o rs  have  e x trem e  d i f f i c u l t y  o b t a i n i n g  c o n s i s t e n t  r e s i s t o r
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v a lu e s  b o t h  o v e r  t h e  f u l l  a r e a  o f  a  s i n g l e  p a n e l  and a l s o  b e tw een  d i f f e r e n t  
p a n e l s  m a n u fa c tu re d  u s in g  t h e  same p r o c e s s .  An a l t e r n a t i v e  a p p ro a c h  h a s  
been  shown by H a l l  e t  a l^ " ^  w hereby  th e  c u r r e n t  can be c o n t r o l l e d  by th e  
i n h e r e n t  r e s i s t a n c e  o f  t h e  d i s c h a r g e  i t s e l f  i f  a l l  t h e  " c e l l "  p a r a m e te r s  
a r e  c a r e f u l l y  d e s ig n e d .  F o r  t h i s  p u rp o se  e a c h  d i s c h a r g e  d o t  i s  p h y s i c a l l y  
c o n f in e d  i n  a  c e l l  by  means o f  a  c e l l u l a r  s p a c e r  p l a t e  made o f  g l a s s  and a 
ca rb o n  c a th o d e  i s  em ployed . T h is  t h e s i s  w i l l  be  c o n c e rn e d  w i t h  t h e  a n a l y s i s  
o f  t h i s  ty p e  o f  memory d i s p l a y .  I n  p a r t i c u l a r  a  t h e o r e t i c a l  model i s  
d e v e lo p e d  w h ich  can  e x p l a i n  t h e  e m p i r i c a l  d a t a  and p r o v id e  a b a s i s  f o r  
o p t im i s i n g  th e  p a n e l  c h a r a c t e r i s t i c s .
The a n a l y s i s  r e v e a l s  t h a t  C e l l  geo m etry ,  m a n u f a c tu r in g  t o l e r a n c e s  
and gas  p r e s s u r e  p l a y  a p a r t  i n  a c h i e v in g  th e  r i g h t  c h a r a c t e r i s t i c s  b u t  
t h a t  t h e  s e c o n d a ry  e l e c t r o n  e m is s io n  c o e f f i c i e n t ,  y , a s s o c i a t e d  w i t h  th e  
c a th o d e  m a t e r i a l  u se d  i s  o f  pa ram oun t  im p o r ta n c e .  I t  t u r n s  o u t  t o  be more 
fu n d am e n ta l  t o  c o n t r o l  t h e  power r a t h e r  th a n  th e  c u r r e n t  and t h a t  a minimum 
power s c a l e  can be  ap p ro a c h e d  by r e d u c in g  y .  However, th e  w o rk in g  v o l t a g e s  
a l l  r i s e  a s  l n ( l  + 1 /y ) ,  and so n o t h in g  i s  g a in e d  by r e d u c in g  y beyond a 
c e r t a i n  p o i n t .  T h is  c o r r e s p o n d s  t o  w ork ing  v o l t a g e s  w here t h e  c h e a p e r  
low er  v o l t a g e  t r a n s i s t o r s  can  be u se d  and i s  c l o s e  to  t h e  y v a lu e  f o r  c a rb o n .
A lth o u g h  th e  b a s i c  p h y s i c s  f o r  such  an a n a l y s i s  h a s  b een  known 
f o r  o v e r  f i f t y  y e a r s ,  y e t  some o f  th e  a p p ro x im a t io n s  n e c e s s a r y  f o r  a  c o m p le te  
t r e a tm e n t  have n e v e r  been  g iv e n  b e f o r e  n o r  h a s  i t  been  p o s s i b l e  f o r  t h e s e  
p r i n c i p l e s  to  be a p p l i e d  to  o p t im iz e  t h e  d e s ig n  o f  a  gas  d i s c h a r g e  d i s p l a y .  
The work d e s c r i b e d  h e r e  shows th e  im p o r ta n c e  o f  i n c l u d i n g  t h e  b o u n d a ry  
c o n d i t i o n s  a t  t h e  c e l l  w a l l s .  E q u a l ly  i m p o r ta n t  i s  t h e  a p p ro x im a t io n  
found  f o r  c a l c u l a t i n g  th e  amount o f  i o n i z a t i o n  t o  be e x p e c te d  when th e  
e l e c t r i c  f i e l d  i s  s i g n i f i c a n t l y  n o n -u n i fo rm  o v e r  s h o r t e r  d i s t a n c e s  th a n  
t h e  mean l e n g t h  f o r  e n e rg y  l o s s  by th e  e l e c t r o n s .  I n  th e  c o ld  c a th o d e  glow 
d i s c h a r g e  t h i s  i s  a lw ays  t h e  s i t u a t i o n  i n  a  r e g i o n  n e a r  t o  th e  c a th o d e  
c a l l e d  t h e  c a th o d e  f a l l .  I t  i s  ca u se d  by t h e  p o s i t i v e  s p a c e - c h a r g e  c lo u d  
due to  t h e  p re p o n d e ra n c e  o f  i o n s  h e r e .  These  i o n s  p l a y  a v i t a l  r o l e  n o t  
o n ly  i n  m a i n t a i n in g  th e  glow by  r e l e a s i n g  s e c o n d a ry  e l e c t r o n s  from  th e  
c a th o d e  s u r f a c e  b u t  a l s o  i n  d e te r m in in g  th e  d i s c h a r g e  im pedance by way o f  
t h i s  sp a c e  c h a rg e .  T h i s  b r i n g s  u s -b a c k  to  th e  o t h e r  im p o r ta n t  p a ra m e te r  
th e  q u a n t i t y  y ,  t h e  t o t a l  c o e f f i c i e n t  f o r  s e c o n d a ry  e l e c t r o n  e m is s io n  from  
th e  c a th o d e  m a t e r i a l .  I t  h a s  more th a n  an io n  component s i n c e  e l e c t r o n s  
may be  r e l e a s e d  by p h o to n s  o r  m e t a s t a b l e  a tom s r e a c h in g  th e  s u r f a c e  a s  w e l l  
a s  th e r m io n ic  e m is s io n  i f  th e  c a th o d e  g e t s  h o t ,  o r  f i e l d  e m is s io n  i f  t h e  
e l e c t r i c  f i e l d  becomes h ig h  enough. I t  t u r n s  o u t  t h a t  i f  t h e  glow c u r r e n t
i s  to  be c o n t r o l l e d  by i t s  own im pedance a l l  o f  t h e s e  components m ust be 
sm a ll  and m oreover  t h e  io n  c o n t r i b u t i o n  m ust p r e d o m in a te .
I f  t h i s  i s  n o t  so th e n  modes o f  d i s c h a r g e  d i f f e r e n t  from  th e  glow
a r i s e  w hich  do n o t  have  th e  n e c e s s a r y  s e l f  im pedance . One su ch  mode i s  th e
a r c  d i s c h a r g e  i n  w hich  th e  m a j o r i t y  o f  t h e  e l e c t r o n s  a r e  r e l e a s e d  t h e r m i o n i c a l l y .
The h o l lo w  c a th o d e  d i s c h a r g e  o c c u r s  when p h o to e m is s io n  becomes p r e v a l e n t  due
to  an i n c r e a s e d  e f f i c i e n c y  o f  th e  c a th o d e  i n  c o l l e c t i n g  th e  d i s c h a r g e  p h o to n s ,
( 6)se e  L i t t l e  and Von E ngel . Many o f  t h e s e  modes a c t u a l l y  have  a n e g a t i v e  
impedance w hich  w i l l  a l lo w  th e  d i s c h a r g e  c u r r e n t  t o  i n c r e a s e  w i t h o u t  l i m i t .  
T h e r e f o r e ,  t h e  s t a b i l i t y  o f  th e  glow a g a i n s t  t h e s e  modes m ust form  an  
im p o r ta n t  t o p i c  o f  t h i s  t h e s i s .  I f  t h e  io n  c u r r e n t  i s  h ig h  t h e r e  i s  a 
p o s s i b i l i t y  o f  a  pumping a c t i o n  w h ich  c a u s e s  a  s h i f t  o f  t h e  g a s  d e n s i t y  
to w a rd s  t h e  c a th o d e .  T h is  may l e a d  to  an i n s t a b i l i t y  a s  d e s c r i b e d  by 
Cosens and H o l m e s . Momentum i s  t r a n s f e r r e d  be tw een  th e  i o n s  and th e  
gas  th ro u g h  c h a rg e  ex c h an g in g  c o l l i s i o n s ,  and b e c a u s e  an i n c r e a s e  i n  
d e n s i t y  c a u s e s  a  d e c r e a s e  i n  im pedance t h i s  l e a d s  to  a h i g h e r  c u r r e n t  and 
so even  g r e a t e r  d e n s i t y  r e s u l t i n g  u l t i m a t e l y  i n  a  runaway s i t u a t i o n .
O th e r  s t a b i l i t y  p ro b lem s  a r i s e  d u r in g  th e  o p e r a t i o n  o f  t h e  d i s p l a y  
and l i m i t  i t s  u s e f u l  l i f e .  One such  i s  c a u se d  by t h e  s p u t t e r i n g  a c t i o n  o f  
t h e  io n s  on t h e  c a th o d e  m a t e r i a l .  I f  t h i s  i s  i n  th e  form  o f  a c o a t i n g  i t  
can  be s t e a d i l y  removed e v e n t u a l l y  e x p o s in g  th e  u n d e r l y i n g  c o n d u c to r s  w hich  
do n o t  have  th e  n e c e s s a r y  s e l f  c o n t r o l l i n g  p r o p e r t i e s .  M a t e r i a l  removed in  
t h i s  way i s  a l s o  d e p o s i t e d  e l s e w h e re  i n s i d e  t h e  d i s p l a y  o b s c u r i n g  t h e  l i g h t  
and t h i s  may a l s o  c a u se  s h o r t  c i r c u i t s  o r  even  h o l lo w  c a th o d e  e f f e c t s .
U l t i m a t e l y  t h e s e  a l l  l e a d  to  a  l o s s  o f  c u r r e n t  c o n t r o l  and r e s u l t  i n  " b u r n ­
o u t"  o f  i n d i v i d u a l  c e l l s  o r  c o n d u c to r  l i n e s .  The amount o f  s p u t t e r i n g  
i n c r e a s e s  w i th  io n  c u r r e n t  d e n s i t y  and d e c r e a s e s  w i t h  p r e s s u r e  a c c o r d in g
/ g\
to  B. J .  S to c k e r  . I t  t u r n s  o u t  t h e r e  i s  a  c o n f l i c t  i n  t h e  c h o ic e  o f  
p a ra m e te r s  be tw een  o p t i m i s i n g  th e  l i f e  and m in im is in g  th e  power con su m p tio n  
o f  t h e  d i s p l a y .  A compromise m ust be so u g h t  w h ich  a l s o  i n v o lv e s  t h e  amount 
o f  s w i tc h in g  v o l t a g e  i n  h a n d .  T h is  i s  th e  d i f f e r e n c e  b e tw e en  th e  maximum Ve
and th e  minimum Vg o f  any o f  th e  c e l l s  w i t h i n  th e  d i s p l a y .  I t  i s  an  i m p o r t a n t  
p a ra m e te r  a f f e c t i n g  th e  r e l i a b i l i t y  w i th  w hich  th e  d i s p l a y  may be c o n s e c u t i v e l y  
o p e r a t e d  and i n d i v i d u a l  c e l l s  s w i tc h e d  to  d i s p l a y  th e  r e q u i r e d  m essage  p a t t e r n .
T h is  s w i tc h in g  i s  n o t  an  i n s t a n t a n e o u s  p r o c e s s .  T here  i s  a  d e l a y  
of  a  few t e n s  o f  m ic ro se c o n d s  a f t e r  a p p ly in g  an  o v e r - v o l t a g e  above Vg b e f o r e  
breakdow n i s  e f f e c t e d  and th e  a p p l i e d  v o l t a g e  may b e  d ropped  to  i t s  s ta n d b y  
v a l u e .  T h is  d e l a y ,  known a s  f o rm a t iv e  t i m e - l a g ,  i s  i n v e r s e l y  p r o p o r t i o n a l
t o  t h e  o v e r - v o l t a g e  and a l s o  depends  on th e  number o f  e l e c t r o n s  i n i t i a l l y  
a v a i l a b l e  i n  th e  c e l l .  D i s p la y s  a r e  d e s ig n e d  to  have  a p l e n t i f u l  s u p p ly  o f  
t h e s e  ’p r i m i n g ’ e l e c t r o n s  w hich  a r i s e  from  th e  p r o d u c t s  w h ich  s p i l l  o v e r  
from  d i s c h a r g e s  i n  n e ig h b o u r in g  c e l l s .  F o r  t h i s  r e a s o n  "keep  a l i v e "  c e l l s  
a r e  r u n  c o n t i n u o u s ly  a round  th e  b o r d e r  o f  t h e  d i s p l a y  b u t  s c r e e n e d  from 
d i r e c t  v ie w ,  and o f t e n  i t  may be  n e c e s s a r y  to  s w i tc h  th e  w hole  l i n e  o f  
c e l l s  o r  by a p r o c e s s  o f  " r i p p l e  th ro u g h "  p r im in g  b e f o r e  s e l e c t i n g  
p a r t i c u l a r  c e l l s  by s w i tc h in g  o f f  t h e  ones  n o t  r e q u i r e d ,
T h is  i m p l i e s  and i t  i s  t r u e  t h a t  s w i tc h  o f f  o r  e x t i n c t i o n  i s  a
much f a s t e r  p r o c e s s .  I t  o c c u r s  i n  o n ly  a few  m ic ro s e c o n d s .  Once t h e  c u r r e n t  
d ro p s  be low  th e  e x t i n c t i o n  v a lu e  shown i n  F i g u r e  2 , t h e  c h a r a c t e r i s t i c s  
become u n s t a b l e ,  e n t e r i n g  a r e g i o n  o f  n e g a t i v e  im pedance , and t h e  c e l l  
s w i tc h e s  i t s e l f  o f f .
A l th o u g h  complex i n  i t s  d e s ig n  and r e q u i r i n g  a c a r e f u l  s e l e c t i o n  
o f  a l l  t h e  i n i t i a l  p a r a m e te r s  t h e  memory p a n e l  h a s ,  f o r  some a p p l i c a t i o n s ,  
d i s t i n c t  a d v a n ta g e s  o v e r  i t s  non-memory c o u n t e r p a r t .  I t s  m ain  a p p l i c a t i o n  
i s  f o r  l a r g e  a r e a  d i s p l a y s  w here u n l i k e  them i t s  b r i g h t n e s s  i s  in d e p e n d e n t  
o f  i t s  s i z e .  The b r i g h t n e s s  o f  t h e  d . c .  p a n e l  d e s c r i b e d  h e r e  i s  a l s o  much 
g r e a t e r  th a n  t h a t  o f  t h e  a . c .  memory p a n e l  b e c a u s e  i t  i s  on c o n t i n u o u s l y .  The 
l i f e  o f  t h e  d i s p l a y  i s  a l s o  l o n g e r  b e c a u s e  peak  c u r r e n t s  a r e  l e s s  a s  t h e r e  i s
no d u ty  c y c l e  enhancem en t .  The d . c .  p a n e l  m oreover h a s  t h e  s i m p l e s t
. . .  (9) .
c i r c u i t r y  a s s o c i a t e d  w i t h  i t ,  J a c k s o n  and Jo h n so n  and b e c a u s e  o f  i t s  memory
f a c i l i t y  no b a c k -u p  e l e c t r o n i c  f i e l d  s t o r e  i s  n eed ed  t o  h o ld  t h e  i n f o r m a t i o n  
s e p a r a t e l y .  However, i f  any e d i t i n g  i s  r e q u i r e d  t o  be  done t h e r e  i s  a  n e e d  
to  r e a d  th e  i n f o r m a t io n  b a c k  o u t  o f  t h e  p a n e l .  A m ethod h a s  b e e n  s u g g e s te d  
by J .  S. S i n g l e t o n ^ ^  t o  a c h ie v e  t h i s  a l s o .
The work d e s c r i b e d  i n  t h i s  t h e s i s  was c a r r i e d  o u t  t o  complement 
( 63)t h e  programme o f  J .  Sm ith  t o  d e v e lo p  a  p r a c t i c a l  d . c .  glow d i s c h a r g e  
d i s p l a y  p a n e l  w i th  i n h e r e n t  memory. The o b j e c t  was to  f i n d  a t h e o r e t i c a l  
model w hich  c o u ld  p r e d i c t  how to  make d e s ig n  im provem ents  such  as  would 
r e d u c e  t h e  l e v e l  o f  t h e  power d i s s i p a t i o n ,  and so e n a b le  t h e  p a n e l  t o  
o p e r a t e  w i th o u t  f o r c e d  c o o l i n g .
2. THE GLOW DISCHARGE -  ITS HISTORY AND PROPERTIES
2 .1  E a r l y  H i s t o r y
Von E n g e l g i v e s  an i n t e r e s t i n g  h i s t o r i c a l  a c c o u n t  o f  t h e  f i r s t  
s c i e n t i f i c  i n v e s t i g a t i o n s  o f  t h e  d i s c h a r g e  o f  e l e c t r i c i t y  th ro u g h  g a s e s .  
U ndoub ted ly  t h e  f i r s t  e x p e r im e n ta l  o b s e r v a t i o n s  w ere  i n  a i r  and u se d
e l e c t r o s t a t i c a l l y  g e n e r a te d  e l e c t r i c i t y  c r e a t e d  by r u b b in g  t o  p ro d u c e  s p a r k s .
( 12) .In  1600 W. S. G i l b e r t  r e p o r t e d  t h a t  a f la m e  r e n d e r e d  a i r  c o n d u c t in g
and c a u se d  an e l e c t r o s c o p e  to  l o s e  i t s  c h a r g e .  I n  1751 a c o u ra g e o u s  
(13)Benjam in  F r a n k l i n  d e m o n s t ra te d  t h a t  s p a rk s  c o u ld  a l s o  be  p ro d u ce d  by
c o l l e c t i n g  th e  e l e c t r i c i t y  from  th u n d e r  c lo u d s .  Some o f  t h e  e a r l i e s t
e x p e r im e n ts  u s in g  b a t t e r i e s  to  p ro d u ce  th e  n e c e s s a r y  v o l t a g e s  w ere  c a r r i e d
o u t  by Humphrey Davy a b o u t  1800. They w ere  w i t h  c a rb o n  a r c s  drawn o u t  i n
a i r ,  made by to u c h in g  two c h a r c o a l  c o n t a c t s  t o g e t h e r  and s e p a r a t i n g  them .
(14)The a r c  o f  l i g h t  was o f  h i t h e r t o  unknown b r i l l i a n c y  . Between 1881 and
(15) •1835 F a ra d a y  , u s in g  th e  new vacuum pump, d e s c r i b e d  what he c a l l e d  th e
"glow  d i s c h a r g e "  p ro d u ce d  w i t h  a much lo w e r  v o l t a g e  by r e d u c in g  th e  p r e s s u r e
' (16)w e l l  be low  a tm o s p h e re .  The s i m i l a r i t y  l a w s ,  s e e  f o r  i n s t a n c e  G. F r a n c i s  ,
i n d i c a t e  t h a t  t h e  v o l t a g e  a t  w hich  th e  d i s c h a r g e  f i r s t  s t r i k e s  s h o u ld  be  a
f u n c t i o n  o f  th e  p r o d u c t  o f  th e  e l e c t r o d e  s e p a r a t i o n  and th e  gas  p r e s s u r e
o n ly .  I t  was W. de l a  Rue and W. H. M u l l e r ^ 1^  who w ere  t h e  f i r s t  to
(18)e s t a b l i s h  t h i s  im p o r ta n t  r e s u l t  i n  1880 . F .  P a sc h e n  l a t e r  e x te n d e d
th e  r e s u l t s  t o  a  number o f  g a s e s  and th e  c u r v e ,  w i t h  i t s  minimum s t r i k e
v o l t a g e ,  i s  known a s  th e  P a sc h en  c u rv e .  S t r i c t l y ,  th e  gas  number d e n s i t y
i s  t h e  more fu n d am e n ta l  p a ra m e te r  and p r e s s u r e  can o n ly  be u sed  i f  t h e
te m p e r a tu r e  i s  k e p t  c o n s t a n t .  We u s e  the .  symbol N atoms o r  m o le c u le s  p e r  
- 3c u b i c  m e t r e  (m ) t o  d e n o t e  t h i s  q u a n t i t y  from  h e n c e f o r t h  b e c a u s e
in  a  s e a l e d  o f f  sy s te m  i t s  a v e ra g e  v a lu e  i s  c o n s t a n t  w h a te v e r  t h e  t e m p e r a t u r e .
The e a r l y  work on th e  g row th  o f  t h e  i o n i z a t i o n  and t h e  s e c o n d a ry
p r o c e s s e s  w hich  l e a d  t o  t h e  s t r i k i n g  o f  t h e  d i s c h a r g e  when i t  becomes " s e l f -
(19)
s u s t a i n i n g "  w ere  m a in ly  c a r r i e d  o u t  by J .  J .  Thomson and J .  S . Townsend
a t  t h e  C av en d ish  L a b o r a to r y  i n  Cam bridge. These  w ere  c o n t in u e d  l a t e r  by
Townsend and h i s  sc h o o l  a t  O x f o r d I t  was W. R o g o w s k i^ 1  ^ who f i r s t
i n c lu d e d  th e  p o s i t i v e  io n  sp a ce  c h a rg e  and t h i s  was d e v e lo p e d  by M. S te e n b e c k  
( 22)and A. Von E nge l  t o  a c c o u n t  f o r  t h e  g e n e r a l  shape  o f  t h e  v o l t a g e - c u r r e n t
c h a r a c t e r i s t i c s  o f  t h e  glow d i s c h a r g e .  L a t e r  t h e  im p o r ta n c e  o f  e x tre m e
gas  p u r i t y  was d e m o n s t ra te d  by  F .  M. P e n n in g  and h i s  c o -w o rk e rs  a t  t h e
(23)
P h i l i p s  L a b o r a t o r i e s  i n  E indhoven  . They showed how m in u te  t r a c e s  o f
-  7 -
a rg o n  in  o t h e r w i s e  p u r e  neon  can  c a u se  a l a r g e  i n c r e a s e  i n  i o n i z a t i o n  
th ro u g h  th e  mechanism o f  th e  m e t a s t a b l e  neon atom s i o n i z i n g  th e  a rg o n .
They a l s o  r e a l i z e d  t h e  im p o r ta n c e  o f  m e t a s t a b l e  atoms in  th e  fe e d b a c k  
p r o c e s s .
2 .2  The G e n e ra l  A ppea rance  o f  t h e  Glow D is c h a rg e
From th e  f i r s t ,  t h e  c o lo u r  o f  t h e  l i g h t  and i t s  v a r i a t i o n  i n  
i n t e n s i t y  h a s  been  u se d  to  c h a r a c t e r i s e  t h e  v a r i o u s  r e g i o n  s e e n  i n  th e  
glow d i s c h a r g e .  I f  t h e  d im e n s io n s ,  number d e n s i t y  o f  th e  g as  o r  th e  
e l e c t r i c  c u r r e n t ,  a r e  c h a n g ed ,  t h e s e  r e g i o n s  w i l l  v a r y  i n  r e l a t i v e  s i z e  
and some may even d i s a p p e a r .
I n  F i g u r e  3 i s  i l l u s t r a t e d  t h i s  s u b - d i v i s i o n  i n t o  r e g i o n s  a lo n g  
t h e  a x i s  o f  a  c o ld  c a th o d e  glow d i s c h a r g e  t a k i n g  p l a c e  w i t h i n  a c y l i n d r i c a l  
g l a s s  tu b e  whose l e n g t h  i s  some t e n  t im e s  i t s  d i a m e te r .  The glow i s  
o p e r a t i n g  a t  a  p r e s s u r e  some t e n  t im e s  t h a t  r e q u i r e d  f o r  a  minimum V .
The c o r r e s p o n d in g  d i s t r i b u t i o n  o f  th e  p o t e n t i a l  i s  a l s o  shown a lo n g s i d e  
t h e  v a r i a t i o n  i n  t h e  l i g h t  i n t e n s i t y .
Two r e g i o n s  p re d o m in a te  i n  lum inous  i n t e n s i t y .  S t a r t i n g  n e a r e s t  
th e  c a th o d e  t h e r e  i s  f i r s t  a  d a rk  s p a c e .  T h is  i s  known a s  th e  c a th o d e  f a l l  
r e g i o n  b e c a u s e  a r e l a t i v e l y  l a r g e  p r o p o r t i o n  o f  t h e  a p p l i e d  p o t e n t i a l  i s  
d ropped  a c r o s s  i t .  T h is  i s  fo l lo w e d  by t h e  f i r s t  b r i g h t  r e g i o n  c a l l e d  t h e  
n e g a t i v e  glow a c r o s s  w hich  t h e r e  i s  v e r y  l i t t l e  p o t e n t i a l  c h a n g e .  T h is  
glow g r a d u a l l y  f a d e s  i n  i n t e n s i t y  w i t h  i n c r e a s i n g  d i s t a n c e  from  th e  
c a th o d e  u n t i l  t h e  s o - c a l l e d  F a ra d a y  d a rk  sp a ce  i s  r e a c h e d .  T h is  i s  
fo l lo w e d  by th e  second  b r i g h t  r e g i o n  c a l l e d  t h e  p o s i t i v e  column w hich  
f i l l s  n e a r l y  a l l  t h e  r e m a in in g  l e n g t h  to  t h e  anode . I t  h a s  a  s m a l l  b u t  
c o n s t a n t  e l e c t r i c  f i e l d  a c r o s s  i t .  There  i s  g e n e r a l l y  a d a r k  r e g i o n  n e a r  
th e  anode b u t  i n  any c a s e  t h i s  i s  fo l lo w e d  by a b r i g h t  r e g io n  s u r r o u n d in g  
th e  anode , c a l l e d  t h e  anode glow . When t h i s  o c c u r s  i t  i s  a  accom panied  by 
a p o t e n t i a l  r i s e  a b o u t  e q u a l  to  t h e  i o n i z a t i o n  p o t e n t i a l  o f  t h e  g a s .  I t  i s  
th o u g h t  t o  be e s s e n t i a l  to  p r o v id e  t h e  n e c e s s a r y  io n  c u r r e n t  w henever a 
p o s i t i v e  column i s  p r e s e n t .
I f  now th e  e l e c t r o d e s  a r e  b r o u g h t  c l o s e r  t o g e t h e r ,  t h e  p o s i t i v e  
column s h o r t e n s  and s l i g h t l y  l e s s  v o l t a g e  i s  n ee d ed  -  e v e n t u a l l y  i t  d i s a p p e a r s .  
There  i s  no e f f e c t  on th e  n e g a t i v e  z o n e s .  However, a s  th e  anode glow moves 
t h ro u g h  th e  F a ra d a y  d a rk  sp a ce  i t  too  su d d e n ly  d i s a p p e a r s  and w i t h  i t  t h e  
anode f a l l  v o l t a g e .  As th e  anode moves n e a r  t o  t h e  c a th o d e  edge o f  t h e  
n e g a t i v e  g low , t h e  d i s c h a r g e  becomes " r e s t r i c t e d " ,  a l s o  c a l l e d  " o b s t r u c t e d " .  
There  i s  th e n  a  s h a rp  r i s e  i n  t h e  v o l t a g e  n e c e s s a r y  to  s u s t a i n  th e  d i s c h a r g e .
C o rre s p o n d in g  e f f e c t s  o c c u r  a s  t h e  g as  d e n s i t y  i s  d e c r e a s e d ,  
i n  a c c o rd  w i th  t h e  s c a l i n g  la w s .  The n e g a t i v e  r e g i o n s  expand and become 
more d i f f u s e .  The p o s i t i v e  column i s  d r iv e n  to w a rd s  t h e  anode and 
d i s a p p e a r s  a l t o g e t h e r  when th e  p r e s s u r e  i s  s u f f i c i e n t l y  low . F u r t h e r  
r e d u c t i o n  c a u s e s  t h e  F a ra d a y  d a rk  sp a ce  to  move to  th e  anode and a s  i t  
does  so t h e  anode glow and i t s  v o l t a g e  d i s a p p e a r  s u d d e n ly .  E v e n t u a l l y ,  
t h e  n e g a t i v e  glow a l s o  moves i n t o  t h e  anode u n t i l  t h e  d i s c h a r g e  becomes 
r e s t r i c t e d  and goes  o u t  u n l e s s  t h e  a p p l i e d  v o l t a g e  i s  c o n s i d e r a b l y  
i n c r e a s e d .
I t  can be  r e a d i l y  s e e n  from  th e  p o t e n t i a l  d i s t r i b u t i o n  t h a t  m ost 
o f  t h e  v o l t a g e  i s  d ropped  n e a r  t h e  e l e c t r o d e s .  The c a th o d e  f a l l  i s  e s s e n t i a l  
f o r  k e e p in g  th e  d i s c h a r g e  a l i g h t  and th e  anode f a l l  i f  t h e r e  i s  a p o s i t i v e  
column p r e s e n t .  W ithou t  t h i s  th e  c a th o d e  f a l l  a c c o u n t s  f o r  t h e  m a jo r  p a r t  
o f  t h e  v o l t a g e  d rop  and i t  t h e r e f o r e  d e te r m in e s  th e  v o l t a g e  c u r r e n t  
c h a r a c t e r i s t i c s .
2 .3  The V o l t a g e - C u r r e n t  C h a r a c t e r i s t i c s
The f u l l  c u r r e n t  r a n g e  o f  th e  V - I  c h a r a c t e r i s t i c s  i s  shown i n
F ig u r e  4 .
I f  t h e  p o t e n t i a l  b e tw een  th e  c a th o d e  and anode e l e c t r o d e s  i s  s lo w ly  
r a i s e d  a t  f i r s t  o n ly  m in u te  c u r r e n t s  can  be  d e t e c t e d .  These  c u r r e n t s  depend 
on some agency  o u t s i d e  th e  c e l l  w hich  i s  p r o d u c in g  t h e  s o - c a l l e d  "p r im in g "  
T h is  may be  i n  t h e  fo rm  o f  a  n e a rb y  c e l l  w i t h i n  t h e  same e v e lo p e  o r  s im p ly  
u l t r a v i o l e t  l i g h t  from  some o t h e r  s o u rc e  w hich  i s  a l lo w e d  to  r e a c h  th e  
c a th o d e  s u r f a c e  to  r e l e a s e  a few e l e c t r o n s .  As th e  f i e l d  a t  t h e  c a th o d e
r i s e s  more o f  t h e s e  e m i t t e d  e l e c t r o n s  a r e  c o l l e c t e d ,  b u t  w i th  s u f f i c i e n t  
a p p l i e d  v o l t a g e  th e  c u r r e n t  b e g in s  to  r i s e  due t o  t h e  i o n i z a t i o n  o f  t h e  gas  
m u l t i p l y i n g  th e  number o f  c u r r e n t  c a r r i e s .  At t h i s  s t a g e  t h e  c u r r e n t  i s  
s t i l l  d e p e n d e n t  on e x t e r n a l  s o u rc e s  to  keep  i t  g o in g  and does  n o t  e m it  
enough l i g h t  to  be s e e n .  However, a t  h i g h e r  m u l t i p l i c a t i o n s ,  a t t a i n e d  by
i n c r e a s i n g  th e  v o l t a g e ,  p o s i t i v e  f e e d b a c k  o c c u r s  w i th  t h e  c a th o d e  r e l e a s i n g  
more e l e c t r o n s  i n  r e s p o n s e  to  th e  r a d i a t i o n  from  th e  d i s c h a r g e  o f  p h o to n s ,  
m e t a s t a b l e  atom s and io n s  w hich  im pinge  on th e  s u r f a c e .  At t h i s  s t a g e  t h e  
c u r r e n t  can  i n c r e a s e  w i t h o u t  any r i , s e  i n  a p p l i e d  v o l t a g e .  T h i s  i s  th e  
r e g i o n  e x p la i n e d  by  Townsend and c a l l e d  t h e  Townsend d i s c h a r g e .  The 
d i s c h a r g e  i s  now s e l f - s u s t a i n i n g  and th e  c u r r e n t  m ust be c o n t r o l l e d
e x t e r n a l l y  i f  t h e  c h a r a c t e r i s t i c s  a r e  to  be fo l lo w e d  i n  d e t a i l .  I f  t h e
—6
c u r r e n t  i s  a l lo w e d  to  r i s e  to  a b o u t  10 Amps th e  glow becomes f a i n t l y
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v i s i b l e  on t h e  c a th o d e ,  th e n  w i t h  h i g h e r  c u r r e n t s  p u l s a t i o n  b e g in s  and th e  
glow i s  s e en  to  o c c u r  i n t e r m i t t e n t l y  and th e n  p o s s i b l y  o n ly  on a sm a l l  p a r t  
o f  t h e  c a th o d e  s u r f a c e .  Now s p a c e -c h a n g e  e f f e c t s  a r e  becom ing s i g n i f i c a n t .  
The c u r r e n t  p u l s e s  become more f r e q u e n t  w i t h  h i g h e r  mean c u r r e n t s  u n t i l  a 
s t e a d y  c u r r e n t  i s  a g a in  a t t a i n e d .  Now i t  can be  se en  t h a t  a  c o n s i d e r a b l e  
drop  i n  v o l t a g e  be low  th e  Townsend v a lu e  h a s  o c c u r r e d .  At t h i s  p o i n t  i n  
th e  c h a r a c t e r i s t i c s ,  b u t  d e p e n d in g  on th e  gas  d e n s i t y  N, t h e  e l e c t r o d e
s e p a r a t i o n  d and t h e  tu b e  d ia m e te r  b ,  a l l  o r  some o f  t h e  r e g i o n s  o f  t h e
•  1 •  •  • 'glow d i s c h a r g e  m e n t io n e d  m  s e c t i o n  2 .2  can  a p p e a r .  However, i f  t h e  p r o d u c t
Nb i s  s u f f i c i e n t  t h e  glow w i l l  be  s e en  to  occupy  o n ly  a f r a c t i o n  o f  t h e
whole  tu b e  a r e a  and be  c o n f in e d  to  a  p a r t  o f  t h e  c a th o d e  s u r f a c e .  M oreove r ,
i f  t h e  p r o d u c t  Nd i s  enough th e  p o s i t i v e  column and  th e  anode glow w i l l  be
p r e s e n t .  I f  t h e  geom etry  and d e n s i t y  a r e  su ch  t h a t  t h e  anode l i e s  i n  th e
n e g a t i v e  glow b u t  t h e  glow does n o t  c o v e r  th e  w hole  c a th o d e  a r e a ,  th e n  th e
d i s c h a r g e  i s '  s a i d  t o  be  " n o rm a l" .  The v o l t a g e  d e v e lo p e d  a c r o s s  t h e  tu b e
i s  now a minimum c a l l e d  t h e  norm al c a th o d e  f a l l  and i t  i s  a  c h a r a c t e r i s t i c
( 22)o f  t h a t  gas  and t h e  c a th o d e  m a t e r i a l .  S te e n b e c k  and Von E nge l  have
a c c o u n te d  f o r  t h e  g e n e r a l  b e h a v io u r  h e r e  i n  te rm s  o f  s p a c e - c h a r g e  and  have
shown t h a t  t h e  v o l t a g e  f o l lo w s  a "U" shaped  f u n c t i o n  o f  t h e  r e d u c e d  c u r r e n t  
2d e n s i t y  J /N  . T h is  c u rv e  i s  j u s t  a n o th e r  form  o f  P a s c h e n ’ s c u rv e  e x c e p t
t h a t  d m ust be  r e p l a c e d  by f ,  t h e  l e n g t h  o f  t h e  c a th o d e  f a l l .  I t  i s  f  w hich  
2depends on J /N  th ro u g h  th e  sp a ce  c h a r g e .  E n e r g e t i c  c o n s i d e r a t i o n s  e n s u re
t h a t  t h e  c u r r e n t  w i l l  a c cu m u la te  from  o t h e r  a r e a s  to  w h e re v e r  th e  v o l t a g e
2i s  s m a l l e r  u n t i l  b o th  f  and J /N  have  v a lu e s  t h a t  co rrespond , t o  th e  minimum
v o l t a g e .  I n c r e a s i n g  th e  c u r r e n t  w i l l  m a i n t a i n  t h i s  c u r r e n t  d e n s i t y  u n t i l
th e  w hole  c a th o d e  a r e a  i s  c o v e re d .  Only th e n  w i l l  t h e  v o l t a g e  b e g in  t o  r i s e .
The glow i s  th e n  s a i d  to  become " a b n o rm a l" .  Von E ngel c a l l s  th e  glow
" c o n s t r i c t e d "  when i t  h a s  s p re a d  a c r o s s  th e  w hole  tu b e  d i a m e te r .
C o n v e r s e ly ,  r e d u c in g  th e  c u r r e n t  c a u s e s  t h e  a r e a  to  c o n t r a c t .
E v e n t u a l l y  a  minimum d ia m e te r  and c u r r e n t  i s  r e a c h e d  be low  w hich  a g a in  th e
v o l t a g e  r i s e s .  T h is  i s  c a l l e d  t h e  " subno rm al glow" and th e  minimum c u r r e n t
i s  c a l l e d  t h e  e x t i n c t i o n  c u r r e n t .  L a t e r a l  d i f f u s i o n s  o f  th e  d i s c h a r g e
p r o d u c t s  w hich  s u s t a i n  t h e  e l e c t r o n  e m is s io n  a t  th e  c a th o d e  d e te r m in e s  th e
minimum d ia m e te r  o f  t h e  g low , which, i s  t h e r e f o r e  a f u n c t i o n  o f  t h e  d e n s i t y
N. I n  t h e  abnorm al glow t h e  c u r r e n t  d e n s i t y  a g a in  r i s e s ,  f  c o n t r a c t s  and
-2t h e  v o l t a g e  r i s e s .  The c u r r e n t  d e n s i t y  i s  /u 1 amp cm and h e a t i n g  o f  th e  
c a th o d e  i s  s i g n i f i c a n t  w i th  an a p p r e c i a b l e  f r a c t i o n  o f  th e  s e c o n d a ry  
e l e c t r o n s  b e in g  e m i t t e d  t h e r m i o n i c a l l y . As th e  e l e c t r o n  d e n s i t y  r i s e s ,
-  10 -
t h e  io n  d e n s i t y  f a l l s  and w i t h  i t  t h e  s p a c e - c h a r g e . Thus f  l e n g t h e n s  and 
t h e  c h a r a c t e r i s t i c s  become u n s t a b l e  w i t h  a  n e g a t i v e  r e s i s t a n c e .  T h is  i s  
th e  t r a n s i t i o n  t o  a r c  r e g i o n  o f  t h e  d i s c h a r g e ;  h e r e  t h e  v o l t a g e  f a l l s  o f f  
so as  t o  keep  t h e  t o t a l  power d e l i v e r e d  to  t h e  c a th o d e  a lm o s t  c o n s t a n t .
The v o l t a g e  d rop  i n  t h e  f u l l y  d e v e lo p e d  a r c  can be q u i t e  s m a l l ,  even  
somewhat l e s s  th a n  th e  i o n i z a t i o n  p o t e n t i a l  o f  th e  g a s .  However, i n  th e  
a r c  t h e  g as  i s  c o n ta m in a te d  w i t h  t h e  v a p o u r  o f  t h e  c a th o d e  m a t e r i a l  and i t  
i s  d i f f i c u l t  to  know w hat t h e  i o n i z a t i o n  p o t e n t i a l  s h o u ld  b e .  C e r t a i n l y  
l i t t l e  p o t e n t i a l  i s  u sed  t o  draw th e  e l e c t r o n s  o u t  o f  t h e  c a th o d e  whose 
s u r f a c e  q u i c k l y  e ro d e s  away.
2 .4  The L i g h t  O u tpu t  from  th e  Glow D is c h a rg e
I t  i s  o f t e n  supposed  t h a t  t h e  p o s i t i v e  column i s  t h e  m ost 
e f f i c i e n t  s o u rc e  o f  l i g h t .  T h is  i s  b e c a u s e  i n  c a l c u l a t i n g  th e  e f f i c i e n c y  
o n ly  t h e  sm a l l  v o l t a g e  d rop  a lo n g  i t s  l e n g t h  i s  u s e d .  However, one s h o u ld  
a l s o  i n c l u d e  th e  power d i s s i p a t e d  a t  t h e  c a th o d e  i n  r e l e a s i n g  e l e c t r o n s  
from i t ,  and a l s o  a t  t h e  anode i n  g e n e r a t i n g  th e  n e c e s s a r y  io n  c u r r e n t .
The f l u o r e s c e n t  s t r i p  lam p, fo r ,  i n s t a n c e ,  w orks o u t  a s  an o v e r a l l  e f f i c i e n c y  
o f  a b o u t  5 lumens p e r  w a t t .  H ere  e l e c t r o n s  a r e  t h e r m i o n i c a l l y  e m i t t e d  from 
an e l e c t r i c a l l y  h e a te d  c a th o d e  and t h e  u l t r a v i o l e t  l i g h t  g e n e r a te d  from  th e  
p o s i t i v e  column o f  a  m ercu ry  v ap o u r  d i s c h a r g e  i s  v e r y  e f f i c i e n t l y  c o n v e r t e d
i n t o  v i s i b l e  l i g h t  by means o f  a  s u i t a b l e  p h o p h o r .  Y. Okamoto and
(24) . . . .M. M izushima have  r e p o r t e d  r e c e n t l y  t h e  u s e  o f  t h i s  p r i n c i p l e  m
c o n s t r u c t i n g  c e l l s  w hich  c o u ld  be u sed  t o  make a l a r g e  a r e a  dc memory
d i s p l a y .  They r e p o r t  e f f i c i e n c i e s  o f  0 .8  lum ens  p e r  w a t t  w i t h  a Xenon gas
f i l l i n g  up to  100 t o r r  p r e s s u r e . They d e r i v e d  t h e  e l e c t r o n s  n ee d ed  t o  d r i v e
th e  p o s i t i v e  column from a s u b s i d i a r y  c o ld  c a th o d e  glow d i s c h a r g e  s i t u a t e d
b e h in d  a h o le  i n  t h e  c a th o d e  e l e c t r o d e ,  and a l t h o u g h  no r e s i s t o r  was
needed  in  t h e  p o s i t i v e  column one was n eed ed  f o r  c o n t r o l  o f  t h i s  a u x i l i a r y
d i s c h a r g e .
I n  f a c t  com parab le  e f f i c i e n c i e s  o f  ~ . 0 . 3  lu m e n s /w a t t  have  b een  
o b t a i n e d  i n  t h e  a u th o r s  l a b o r a t o r y  u s in g  th e  n e g a t i v e  glow r e g i o n  o n ly  and 
w i th  p u r e  neon  f i l l i n g s .  ' These  c e l l s  w ere  o p e r a t e d  u s in g  t h e i r  own 
impedance to  l i m i t  t h e  c u r r e n t .  E x p e r im e n ta l  m easu rem en ts  a r e  shown in  
F ig u r e  5 a) to  c ) . They show t h a t  t h e  b r i g h t n e s s  o f  t h e  l i g h t  e m is s io n  i s
p r o p o r t i o n a l  to  b o th  t h e  t o t a l  c u r r e n t  d e n s i t y  and t o  th e  g as  number
. . 24 -d e n s i t y  u n t i l  t h e  l a t t e r  r e a c h e s  a s a t u r a t i o n  v a l u e .  T h is  i s  a b o u t  3 .1 0  m
2when th e  c u r r e n t  d e n s i t y  i s  0 .1 4  A/cm i n  th e  c e l l s  and a t o t a l  o u t p u t  o f  
a b o u t  0 .1 3  lu m e n s /w a t t .
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I f  t h e  gas  d e n s i t y  i s  i n c r e a s e d  f u r t h e r  t h e  b r i g h t n e s s  s a t u r a t e s  
even t e n d in g  to  f a l l  o f f  w i th  f u r t h e r  i n c r e a s e s  i n  d e n s i t y .  However, 
b r i g h t n e s s  s t i l l  i n c r e a s e s  w i t h  t h e  c u r r e n t  d e n s i t y .  The p o i n t  o f  s a t u r a t i o n
do es  n o t  depend s i g n i f i c a n t l y  on th e  d ia m e te r  o f  t h e  c e l l s .  C a l c u l a t i o n s
(25) . . .  . .s u g g e s t ,  se e  R.G. F o w le r  t h a t  m ost o f  t h e  r a d i a t i o n  a r i s e s  from  r a d i a t i v e
decay  o f  atom s e x c i t e d  by e l e c t r o n  im p a c ts ;  t h e  io n s  n e a r l y  a l l  recom bine
n o n - r a d i a t i v e l y  a t  t h e  c a th o d e  o r  on t h e  w a l l s  o f  t h e  c e l l s .  I t  would  a p p e a r
t h a t  an i n c r e a s e  i n  g as  d e n s i t y  beyond t h e  p o i n t  o f  s a t u r a t i o n  would s u g g e s t
t h a t  t h e r e  a r e  j u s t  no more e l e c t r o n s  to  e x c i t e  t h e s e  a d d i t i o n a l  a tom s b e c a u s e
a l l  t h e , e l e c t r o n s  w i t h  s u f f i c i e n t  e n e rg y  to  e x c i t e  an atom have  a l r e a d y  done
so .  T h a t  t h e  a c t u a l  i n t e n s i t y  f a l l s  o f f  s u g g e s t  t h a t  t h e s e  a d d i t i o n a l  atoms
m e re ly  i n t e r f e r e  w i t h  t h e  r a d i a t i v e  p r o c e s s e s  and some e x t r a  n o n - r a d i a t i v e
decays  a r e  i n t r o d u c e d  t h e r e - b y .
2 .5  dc Memory R eq u irem en ts
A g la n c e  a t  t h e  t y p i c a l  v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  F i g u r e  3.
r e v e a l s  t h a t  t h e r e  a r e  o n ly  two p o r t i o n s  w i t h  a  p o s i t i v e  r e s i s t a n c e  s u i t a b l e
f o r  d . c .  memory. The f i r s t  i n  t h e  p re-Tow nsend r e g i o n  i s  n o t  s e l f - s u s t a i n i n g .
The second  i s  i n  t h e  abnorm al glow w here a d e q u a te  b r i g h t n e s s  i s  a v a i l a b l e .
U s u a l ly  th e  s lo p e  o f  t h e  abnorm al glow —  i s  low , F i g u r e  2 c u rv e  A, and
c o n t r o l  o f  t h e  c u r r e n t  by s e t t i n g  t h e  a p p l i e d  v o l t a g e  i s  i m p r a c t i c a b l e .
However, s tu d y  o f  t h e  c h a r a c t e r i s t i c s  show t h a t  t h i s  s lo p e  can  be  i n c r e a s e d
and e x p l o i t e d  i f  t h e  p a ra m e te r s  a r e  c a r e f u l l y  c h o s e n .  F o r  exam ple t h e  s lo p e
2i s  a d i r e c t  f u n c t i o n  o f  J /N  and t h i s  can  be  h ig h  by  m aking th e  gas  d e n s i t y  
low o r  J  h i g h  by c o n f i n i n g  t h e  c a th o d e  i n  a  n a r ro w  c e l l .  I t  a l s o  means 
t h a t  t h e  abnorm al glow i s  in d u ce d  a t  t h e  lo w e s t  p o s s i b l e  c u r r e n t .  The 
p r o p o r t i o n  o f  t h e  c u r r e n t  c a r r i e d  by th e  io n s  a t  t h e  c a th o d e  sh o u ld  a l s o  
be k e p t  h ig h  by u s in g  a s u i t a b l e  c a th o d e  m a t e r i a l  so t h a t  f  v a r i e s  r a p i d l y  
w i th  t h e  c u r r e n t  d e n s i t y  and w i th  i t  th e  v o l t a g e  V th ro u g h  t h e  P a s c h e n  c u rv e  
so g iv in g  th e  c h a r a c t e r i s t i c s  t h e  h ig h  s lo p e  r e q u i r e d  f o r  good c o n t r o l .
S e t t i n g  o f  t h e  s l o p e ,  how ever, i s  n o t  t h e  o n ly  c r i t e r i o n  f o r  a 
memory p a n e l . The v o l t a g e  s h o u ld  be k e p t  low b u t  t h e r e  m ust  be s u f f i c i e n t  
s e p a r a t i o n  be tw een  Vg and f o r  r e l i a b l e  s w i t c h i n g  i n s p i t e  o f  a c e r t a i n  
s p re a d  i n  c h a r a c t e r i s t i c s  be tw een  th e  c e l l s .  The l a t t e r  means t h a t  t h e  Nd 
p r o d u c t  h a s  to  be  h i g h e r  th a n  t h a t  w hich g iv e s  a minimum and t h e  d e n s i t y  
N c a n n o t  be  too  low  o r  Vg a p p ro a c h e s  Vg .
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The lum inous e f f i c i e n c y  s h o u ld  be h ig h  and so th e  c e l l s  s h o u ld  
o p e r a t e  w i t h  a  n e g a t i v e  glow and p r e f e r a b l y  no anode f a l l .  The c h a r a c t e r ­
i s t i c s  s h o u ld  be  s t a b l e  w i t h  a  minimum s p re a d  from  c e l l  to  c e l l .  T h is  
im p l ie s  a  c a r e f u l  c o n t r o l  o f  t h e  m a n u f a c tu r in g  t o l e r a n c e s .  The l i f e  o f  t h e  
d i s p l a y  n e e d s  to  be a t  l e a s t  1 0 ,0 0 0  h o u r s  w hich  means k e e p in g  s p u t t e r i n g  to  
a minimum. F o r t u n a t e l y  e a r l y  on a s u i t a b l e  c a th o d e  m a t e r i a l  was d i s c o v e r e d  
i n  g r a p h i t e  c a rb o n .  T h is  i s  an e le m e n t  and a l s o  a r e f r a c t o r y  m a t e r i a l  w hich  
r e n d e r s  i t  r e s i s t a n t  t o  s p u t t e r i n g .  I t  a l s o  c a n n o t  decom pose. I t  h a s  a 
v e ry  low p h o to - e m is s io n  c o e f f i c i e n t  f o r  e l e c t r o n s  b e c a u s e  o f  i t s  b l a c k  p o ro u s  
s u r f a c e .  T h is  component o f  y s h o u ld  be a l o t  s m a l l e r  th a n  y ^ ,  t h e  s e c o n d a ry  
e m is s io n  c o e f f i c i e n t  due t o  t h e  i o n s ,  i n  o r d e r  n o t  o n ly  t h a t  t h e  io n  sp a ce  
c h a rg e  d o m in a te s  and p r o v id e s  a good c o n t r o l  o f  t h e  ’o n '  c u r r e n t  b u t  a l s o  
b e c a u s e  i t  r e n d e r s  t h e  f e e d b a c k  p r o c e s s  more s t a b l e .  See C h a p te r  8 .
The fe e d b a c k  c o e f f i c i e n t s  w hich  depend on th e  c o m b in a t io n  o f  th e  
c a th o d e  m a t e r i a l  and th e  gas  have  b e e n  i n c o r p o r a t e d  i n t o  a K c o e f f i c i e n t  
i n t r o d u c e d  and d e f in e d  by th e  a u t h o r ,  se e  C h a p te r  4 .  Here K * l n ( l  + 1 / y ^ ) .
Carbon i s  found  to  have  one o f  t h e  h i g h e s t  K v a lu e s  o f  a l l  t h e  
m a t e r i a l s  m ea su red ,  se e  C h a p te r  6 .  I t  i s  s u f f i c i e n t l y  h ig h  to  c o n t r o l  th e  
power d i s s i p a t i o n  y e t  w i th o u t  i n t r o d u c i n g  e x c e s s i v e l y  h ig h  w o rk in g  v o l t a g e s .
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3. THE THEORY OF THE PLASMA PANEL
3 .1  T h e o r ie s  o f  t h e  Normal and Abnormal Glow ,
Much o f  t h e  t h e o r y  needed  to  d e s ig n  p lasm a p a n e l s  i s  w e l l
e s t a b l i s h e d  and h a s  been  known f o r  many y e a r s  b u t  y e t  t h e r e  a r e  a  number o f
gaps w hich  need  f i l l i n g  b e f o r e  a  c o m p le te  d e s ig n  p r o c e d u r e  c a n  be e s t a b l i s h e d .
P o i s s o n s '  s p a c e - c h a r g e  e q u a t i o n  and Tow nsend’ s s e l f - s u s t a i n i n g  c o n d i t i o n
t o g e t h e r  form th e  b a s i s  f o r  a l l  t h e o r i e s  o f  t h e  g low d i s c h a r g e .  The s i m p l e s t
( 22)i s  t h a t  o f  Von E nge l  and S te e n b e c k  w i th  an improved t h e o r y  m ore c o n s i s t e n t
( f)')
w i th  e x p e r im e n ta l  m easu rem en ts  b e in g  i n t r o d u c e d  l a t e r  by L i t t l e  and Von E nge l  
who u se d  an e l e c t r o n  beam t e c h n iq u e  t o  m ea su re  t h e  e x t e n t  o f  t h e  c a th o d e  f a l l  
f .  A l th o u g h  I  and V, t h e  o v e r a l l  c u r r e n t  and v o l t a g e ,  and th e  d im e n s io n s  d 
and b a r e  d i r e c t l y  m e a s u re a b le  f o r  d i s p l a y  c e l l s ,  y e t  f  and th e  d i s t r i b u t i o n s  
o f  p o t e n t i a l  and c u r r e n t  (j> (x) and J ( r )  c an  a t  b e s t  be o n ly  r o u g h ly  e s t i m a t e d  
by eye o r  t h e o r e t i c a l l y  i n f e r r e d .  L i t t l e  and Von E ngel c o n c lu d e d  from  t h e i r  
m easu rem en ts  w i th  t h e  e l e c t r o n  beam t h a t  t h e  e l e c t r i c  f i e l d  f e l l  away l i n e a r l y  
from th e  c a th o d e  and was e s s e n t i a l l y  z e ro  i n  t h e  n e g a t i v e  g low. T h i s  i s  
l i k e l y  i n  d i s p l a y  c e l l s  a l s o .  I f  f i e l d  d i s t o r t i o n  i s  r e s p o n s i b l e  f o r  t h e  
v o l t a g e  c o l l a p s e  a t  s t r i k e  th e n  a u n i fo rm  f i e l d  i s  a p p r o p r i a t e  f o r  c a l c u l a t i n g  
Vg . The s e l f - s u s t a i n i n g  c o n d i t i o n  t a k e s  on i t s  s im p l e s t  form  w i t h  a  u n i fo rm  
f i e l d ,  t h a t  was o r i g i n a l l y  p r e s e n t e d  by Townsend, r e l a t i n g  t h e  c o e f f i c i e n t s
a and y t h e  r a t e s  o f  i o n i z a t i o n  and se c o n d a ry  e m is s io n  ( a s  d e f i n e d  i n  C h a p te r  4)
b y : -
l n  (1 + l / y )  = ad 3 .1
A s im p le  c a l c u l a t i o n  r e v e a l s  t h a t  (a /N )a n d  (V/ad) a r e  m ea su res  o f  r e s p e c t i v e l y ,  
t h e  c r o s s - s e c t i o n  f o r  i o n i z a t i o n ,  and t h e  mean o f  t h e  e q u i l i b r i u m  e n e rg y  
d i s t r i b u t i o n  w hich  th e  e l e c t r o n s  e s t a b l i s h  w i t h  t h e  im p re sse d  f i e l d .  
U n d e r s ta n d a b ly  t h e n  Townsend was a b l e  to  e x p r e s s  h i s  m easu rem en ts  o f  (a /N ) 
a s  a s i n g l e  ' S ’ shaped  f u n c t i o n  o f  (V /N d), t h e  r e d u c e d  f i e l d  w hich  we d e s i g n a t e
Tl, p r o v id e d  th e  e l e c t r o n s  have  t r a v e l l e d  a d i s t a n c e  dQ s u f f i c i e n t  f o r  t h i s
e q u i l i b r i u m  to  be  e s t a b l i s h e d .  dQ i s  a  few t im e s  l / a .
A g r a p h i c a l  m ethod o f  s o l v i n g  e q u a t i o n  3 .1  i s  shown i n  F i g u r e  6 .
T h is  was f i r s t  p r e s e n t e d  by T ow nsend^*^  and i s  v e r y  i n s t r u c t i v e  f o r  i t  
p ro d u c e s  t h e  P a sc h en  c u rv e  and shows t h a t  t h e  v o l t a g e s  s c a l e  a s  I n  (1 + 1 /y )  .
H ere  a /N  i s  p l o t t e d  a g a i n s t  q .  I t  can  be  s e e n  to  h av e  a  maximum v a l u e  o f  G.
A lso  shown i s  t h e  v a lu e  yQ = I n  (1 + 1 /y )  / Nd w hich  i s  t h e  v a l u e  
o f  a /N  needed  to  s a t i s f y  e q u a t i o n  3 . 1 .  The s o l u t i o n ( x q ,  y ) i s  shown and 
h a s  t h e  p r o p e r t y  t h a t  t h e  l i n e  c o n n e c t in g  i t  t o  th e  o r i g i n  h a s  a  s lo p e  i n v e r s e l y  
p r o p o r t i o n a l  to  t h e  v o l t a g e ,  nam ely  I n  (1 + 1 /y )  /V .  T h is  e s t a b l i s h e s  o u r  r e s u l t
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f o r  a s  changes  w i th  Nd th e  s lo p e  r e a c h e s  a  maximum v a lu e  a t  t h e  p o i n t  
o f  t h e  t a n g e n t  T , t h e  d o t t e d  l i n e ,  w hich  c o r r e s p o n d s  to  t h e  minimum s t r i k e  
v o l t a g e .  I f  t h e  p r o d u c t  Nd i s  r e d u c e d  th e  v o l t a g e  r a p i d l y  r i s e s  and i f  yQ 
i s  g r e a t e r  th a n  G a g a s  d i s c h a r g e  c a n n o t  s t r i k e  b e c a u s e  t h e r e  a r e  n o t  
enough g a s  m o le c u le s  t o  be i o n i z e d  be tw een  t h e  e l e c t r o d e s .  T h is  o f  
c o u r s e  does  n o t  e x c lu d e  a vacuum d i s c h a r g e  w here  t h e  mechanism  i s  d i f f e r e n t  
w i th  v a p o u r  from  th e  e l e c t r o d e s  a l s o  t a k i n g  p a r t .  T h is  g r a p h i c a l  
r e p r e s e n t a t i o n  i s  more f u l l y  d e v e lo p e d  i n  t h e  A ppendix  C w here  t h e  end 
e f f e c t s  a t  th e  e l e c t r o d e s  and th e  b ounda ry  c o n d i t i o n s  a t  t h e  w a l l s  o f  th e  
c e l l  have  b een  i n c l u d e d  a s  worked o u t  i n  s e c t i o n  4 . 2 .
The i n t e g r a t e d  v a lu e  o f  a  o v e r  f  i s  needed  to  d e r i v e  V o t h e r
th a n  V . S te en b e c h  and Von E n g e l  assumed t h a t  a l l  t h e  gas c o e f f i c i e n t s  would
. . . + +be f u n c t i o n s  o f  n .  The io n  v e l o c i t y  was ny w i th  y th e  io n  m o b i l i t y .
3 +
T h e i r  s o l u t i o n s  o f  P o i s s o n ’ s e q u a t i o n  im p l i e s  t h a t  n y e tt( 1 + y) e q u a l s  th e
2 . . .  °r e d u c e d  power (IV /(N b) ) .  Now n i s  d e f i n e d  i n  te rm s  o f  t h e  c a th o d e  f a l l
p a r a m e te r s  (V/Nf) and Townsend’ s g r a p h i c a l  method F i g u r e  6 may t h e n  be
e x te n d e d  by s u b s t i t u t i n g  f  f o r  d i n  o r d e r  t o  p ro d u ce  a V -I  c h a r a c t e r i s t i c
from  th e  r e d u c e d  power i n s t e a d  o f  r\. T h i s  h a s  b een  c a r r i e d  o u t  and t h e  r e s u l t s
d i s p l a y e d  i n  g r a p h i c a l  form  f o r  a  number o f  d i f f e r e n t  gas  d e n s i t i e s  and f o r  
+ 2a y = 0 .0 5  and y = 0 .0 8  m t o r r / V o l t  s e c .  These  c h a r a c t e r i s t i c s  a r e  shown i n  
F ig u r e  7 and can  be compared w i t h  m easu red  c h a r a c t e r i s t i c s  such  a s  t h o s e  
shown i n  F i g u r e  8 f o r  c e l l s  w i t h  a  s i m i l a r  d i a m e te r  o f  0 .2 5  mm and w i t h  a 
d e p th  o f  1 mm. T h e re  a r e  a  number o f  d i f f e r e n c e s  be tw een  th e  two s e t s  o f  
c h a r a c t e r i s t i c s .  Only th e  h i g h e s t  d e n s i t y  r e s u l t  h a s  a  minimum v o l t a g e  V^ 
w hich  a p p ro a c h e s  t h e  norm al c a t h o d e  f a l l  V^ a s  t h e  c u r r e n t  i s  r e d u c e d .
T h is  s u g g e s t s  t h a t  t h e  minimum glow d ia m e te r  f o r  t h e  low er  d e n s i t i e s  m u s t  be 
g r e a t e r  t h a n  th e  b o re  o f  t h e  c e l l .  However, no a c c o u n t  h a s  b e e n  t a k e n  o f  any  
w a l l  l o s s  and t h i s  to o  i s  c a l c u l a t e d  to  g iv e  r i s e  to  an  i n c r e a s e d  minimum 
v o l t a g e  a s  e x p la i n e d  i n  s e c t i o n  3 . 3 .  One o b s e r v a t i o n  c o n s i s t e n t  w i t h  t h e  
t h e o r y  i s  t h a t  c e l l s  w i th  t h e  same p r o d u c t  Nb te n d  t o  have  t h e  same c h a r a c t e r ­
i s t i c s  a l t h o u g h  th o s e  may have  to  be d i s p l a c e d  by up to  10 v o l t s  from  e a ch  
o t h e r  b e f o r e  any  two s e t s  o f  c h a r a c t e r i s t i c s  w i l l  c o r r e s p o n d .  T h is  may be  
t h e  e f f e c t  o f  t h e  w a l l s  c h a r g in g  up .  As th e  d e n s i t y  i s  d e c r e a s e d ,  h o w e v e r ,  
n o t  o n ly  do es  t h e  e x t i n c t i o n  c u r r e n t  d im in i s h  b u t  a l s o  Ve , th e  e x t i n c t i o n  
v o l t a g e , ,  r i s e s  and e v e n t u a l l y  e q u a l s  Vg -  se e  t h e  50 t o r r  c h a r a c t e r i s t i c  i n  
F ig u r e  8 . T h is  h a s  no r e g i o n  o f  n e g a t i v e  r e s i s t a n c e ;  t h e  d i s c h a r g e  l i g h t  j u s t  
s lo w ly  a p p e a r s  a s  t h e  v o l t a g e  i s  r a i s e d .  Such a c h a r a c t e r i s t i c  h a s  no s w i t c h i n g  
gap and i s  q u i t e  u s e l e s s  f o r  a  memory d i s p l a y .  I t  i s  c a l l e d  h e r e  a  " c r e e p  on" 
c h a r a c t e r i s t i c  and an e x p l a n a t i o n  f o r  i t  i s  d i s c u s s e d  i n  Appendix  C.
-  15 -
I n  f i g u r e  9 i s  shown t h e  v a r i a t i o n  o f  Vg and Ve w i t h  t h e  g a s  d e n s i t y  f o r  
t h e  c h a r a c t e r i s t i c s  o f  f i g u r e  8 .  One o f  t h e  m ost  r e m a rk a b le  f e a t u r e s  o f  t h i s  
g r a p h  i s  t h e  s t e e p  f a l l  i n  w e l l  be low  t h e  minimum Vg a s  t h e  d e n s i t y  r i s e s .  
Vgm, t h e  minimum Vg , i s  p r o b a b ly  q u i t e  a  l o t  h i g h e r  th a n  th e  v o l t a g e  w hich  
c o r r e s p o n d s  to  t h e  norm al c a th o d e  f a l l  and t h i s  m ust be t h e  r e s u l t  o f  t h e  
l o s s  o f  i o n i z a t i o n  t o  t h e  w a l l s .  The a d d i t i o n a l  i o n i z a t i o n  p ro d u ce d  w i t h  a 
h i g h e r  v o l t a g e  w i l l  com pensa te  and keep  th e  d i s c h a r g e  g o in g .  These  
c o n s i d e r a t i o n s  do n o t  seem to  a p p ly  to  w here  l o s s  t o  t h e  w a l l s  seem to  be 
l e s s  im p o r ta n t  b e c a u s e  e i t h e r  ( i )  t h e  d i s c h a r g e  a d j u s t s  i t s e l f  t o  become a 
more e f f i c i e n t  c u r r e n t  p r o d u c e r  o r  ( i i )  i t  c o n t r a c t s  to  be  c l e a r  o f  t h e  w a l l s  
a l t o g e t h e r .  However, even  i n  d i s c h a r g e s  w here  t h e  w a l l s  c an  p l a y  no p a r t  a s  
w i th  R o g o w s k i  c o n to u re d  e l e c t r o d e s ,  Vgm i s  n o r m a l ly  h i g h e r  t h a n  V . P r o b a b ly  
b o th  e f f e c t s  p l a y  some p a r t  and t h e s e  a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n s .
3 .2  The E f f e c t  o f  Non-Uniform  F i e l d s  on th e  C o e f f i c i e n t s  a  and y
W hether o r  n o t  t h e  d i s c h a r g e  becomes a more e f f i c i e n t  c u r r e n t  
p ro d u c e r  i n  t h e  ru n n in g  s t a t e  depends  on th e  e f f e c t i v e  v a lu e  o f  t h e  c o ­
e f f i c i e n t s  a  and y when th e  e l e c t r i c  f i e l d  E i s  no lo n g e r  u n i fo r m .  L. B. Loeb
(24)and h i s  co -w o rk e r  a t  B e rk le y  U n i v e r s i t y  USA have  t a k e n  up t h e  m easu rem en t
and s tu d y  o f  t h i s  i m p o r ta n t  t o p i c .
The b ack  d i f f u s i o n  o f  e l e c t r o n s  to  th e  c a th o d e  h a s  b e e n  c a l c u l a t e d
. (25)f o r  v a r i o u s  g e o m e t r i e s  by C. W. R ic e  and l e a d s  to  a dependence  o f  y on
t h e  v a lu e  o f  t h e  r e d u c e d  f i e l d  t h e r e .  I t  i s  c o n v e n ie n t  from  l a t e r  on to
u se  n t o  d e n o te  t h e  mean r e d u c e d  f i e l d  and sr) t h e  f i e l d  a t  t h e  c a th o d e
w here s i s  a  shape  f a c t o r .  R e c e n t ly ,  R i c e ' s  a n a l y s i s  h a s  b e e n  a p p l i e d  to
( 2 6 )
d i s p l a y  c e l l s  by Sahn i and Lanza  o f  IBM and t h i s  does  r e s u l t  i n  a  sm a l l
i n c r e a s e  i n  e f f i c i e n c y  a l t h o u g h  a s  i s  c a l c u l a t e d  i n  th e  n e x t  c h a p t e r  n o t
enough to  a c c o u n t  f o r  t h e  f u l l  d rop  be tw een  Vg and V^.
However, t h e  e f f e c t i v e  v a lu e  o f  a  i s  more im p o r ta n t  b e c a u s e  t h e
c u r r e n t  m u l t i p l i c a t i o n  depends  on i t  e x p o n e n t i a l l y .  P .  L . M o rton , who h a s
(27)s t u d i e d  t h i s  q u e s t i o n  i n  d e t a i l  i n  1946 s a y s  "The c o n c lu s i o n  i s
i n e s c a p a b l e  t h a t  when th e  f i e l d  i n t e n s i t y  d e c r e a s e s  r a p i d l y ,  r e l a t i v e  to
t h e  l e n g t h  o f  t h e  e l e c t r o n i c  mean f r e e  p a t h  ( a s  i s  th e  c a s e  i n  th e  c a th o d e
f a l l  o f  a  glow d i s c h a r g e ) , th e n  th e  i o n i z a t i o n  i s  much g r e a t e r  t h a n  t h a t
c a l c u l a t e d  by th e  c o n v e n t i o n a l  m e th o d . T h is  c o n c lu s i o n  was s u p p p r t e d  by
(28)th e  work o f  G. W. Jo h nson  . The c o n v e n t i o n a l  m ethod o f  c a l c u l a t i n g  t h e  
i n s t a n t a n e o u s  v a lu e  o f  a /N  i s  to  c a l c u l a t e  i t  from  t h e  i n s t a n t a n e o u s  v a l u e
(29)o f  n; a  m ethod d e fe n d e d  a s  r e c e n t l y  a s  1965 by  D . E. Golden  and L . H. F i s h e r
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However, t h e  d i s c r e p a n c y  rem a in s  b e c a u s e  c l e a r l y ,  t h e  e l e c t r o n s  a r e  a b le  to
i o n i z e  even  when th e  e l e c t r i c  f i e l d  h a s  f a l l e n  t o  z e ro  a s  i s  d e m o n s t ra te d
by th e  m a in te n a n c e  o f  a  p la sm a  r e g i o n  i n  t h e  n e g a t i v e  glow.
A more a p p r o p r i a t e  m ethod o f  c a l c u l a t i o n  was s u g g e s te d  by Compton
and M o r s e a n d  was to  u s e  t h e  v a lu e  o f  q computed u p s t r e a m  by a mean
f r e e  p a t h .  They p ro v e d  by c a l c u l u s  o f  v a r i a t i o n s  t h a t  t h i s  scheme would
alw ays l e a d  to  t h e  f o rm a t io n  o f  a  more e f f i c i e n t  d i s c h a r g e  w i t h  a  c a th o d e
f a l l  and a  V r e d u c e d  be low  th e  minimum v a lu e  o f  V .e s
However, a s  r e c e n t  tw o -d im e n s io n a l  M on to -C arlo  C om pu ta t ions  have
. (3 1 )shown, f o r  i n s t a n c e ,  t h o s e  by M. H ayash i  , th e  a c t u a l  e l e c t r o n  p a t h s  a r e  
e x t r e m e ly  d e v io u s .  The e l e c t r o n s  move many t im e s  t h e  s t r a i g h t  d i s t a n c e  
a lo n g  th e  f i e l d  l i n e s  and th e y  b a c k - t r a c k  a number o f  t im e s  on t h e i r  j o u r n e y .  
A s u b s t a n t i a l  number o f  th e  e l e c t r o n s  p o s s e s s  t h e  f u l l  e n e rg y  c o r r e s p o n d in g  
t o  t h e i r  p o t e n t i a l  f a l l  from  th e  c a th o d e  and t h e s e  a l s o  c o n t r i b u t e  t h e
m ost e f f e c t i v e l y  t o  t h e  i o n i z a t i o n .  A s im p l e r  a p p ro x im a t io n  f i r s t  s u g g e s t e d
(32) (33) . . .by th e  a u th o r  i s  to  assume t h a t  t h e  i o n i z a t i o n  depends on th e
ru n n in g  a v e ra g e  o f  t h e  f i e l d  e x p e r i e n c e d  from  t h e  c a th o d e .  The i o n i z a t i o n
r a t e  i s  th e n  e x a c t l y  t h a t  w hich  would have  b e e n  e x p e c te d  i f  th e  f i e l d  had
b een  u n i fo rm  a l l  t h e  way from  th e  c a th o d e  to  t h e  p o i n t  i n  q u e s t i o n ,  i . e .
we u s e  q = (cf>/Nx) . T h is  a s su m p t io n  can  be  j u s t i f i e d  t h e o r e t i c a l l y ,  se e
Appendix  A. T h is  a p p ro x im a t io n  a l s o  p r e d i c t s  an i n c r e a s e  i n  i o n i z a t i o n
e f f i c i e n c y  as  t h e  c a th o d e  f a l l  form s and so a c c o u n t s  f o r  th e  n e g a t i v e
r e s i s t a n c e s  found  w i th  Vg f a l l i n g  w e l l  be low  t h e  minimum v a lu e  o f  Vg a s  i s
d e m o n s t ra te d  t h e r e .
3 .3  Loss  o f  C u r r e n t  and t h e  Boundary C o n d i t io n s  a t  t h e  W alls
The glow d i s c h a r g e  w i t h i n  a dc memory d i s p l a y  c e l l  w i l l  i n  g e n e r a l
be c o n s t r i c t e d  by th e  c e l l  w a l l s  and so we would e x p e c t  t h e  w a l l s  to  have
a v e r y  s i g n i f i c a n t  i n f l u e n c e  on th e  V -  I  c h a r a c t e r i s t i c s .  T h is  i s  found
to  be  t h e  c a se  and t h e  a u th o r  h a s  found  i t  n e c e s s a r y  to  i n t r o d u c e  a second
(36)a p p ro x im a t io n  t o  a c c o u n t  f o r  t h i s
The bou n d a ry  w a l l s  a r e  i n s u l a t i n g  so t h e i r  n e t  e l e c t r o n  and io n  
c u r r e n t s  a r e  e q u a l .  The w a l l s  t h e r e f o r e  c o n s t i t u t e  a  r e c o m b in a t io n  c u r r e n t  
l o s s  w hich  i s  e f f e c t i v e l y  a r e d u c t i o n  i n  t h e  v a lu e  o f  a .  I n  th e  c a s e  o f  Vg , 
w hich  i s  th e  s im p le r  t o  s tu d y  b e c a u s e  t h e  f i e l d  i s  u n i fo rm ,  t h i s  i s  
found  t o  v a r y  i n v e r s e l y  w i th  t h e  d ia m e te r  b .  The v a r i a t i o n  w i t h  Nd a p p e a r s  
to  be  a  f u n c t i o n  o f  th e  g e o m e t r i c a l  r a t i o  ( d /b )  a l o n e .  We can  t h e r e f o r e  
o b t a i n  a  u n i v e r s a l  P a sc h en  p l o t  f o r  t h e  s t r i k e  v o l t a g e  i n  c y l i n d r i c a l  c e l l s
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and such  a p l o t  o f  m easu red  Vg v a lu e s  i s  shown i n  F i g u r e  10 f o r  100% Neon 
gas  and v a r i o u s  g e o m e t r i c a l  r a t i o s :  The th e o r y  i s  worked o u t  i n  d e t a i l  i n
Appendix  B. F o r  a  f i r s t  a p p ro x im a t io n  i t  may be  assumed t h a t  t h e r e  i s  a 
s i m i l a r  l o s s  t o  th e  w a l l s  f o r  th e  "on"  o r  r u n n in g  v o l t a g e  V b u t  o n ly  o v e r  
th e  d i s t a n c e  o f  th e  c a th o d e  f a l l  f .
The s i t u a t i o n  i n  t h e  n e g a t i v e  glow i s  more complex w i th  a  p lasm a  
b u i l d i n g  up t o  such  a  d e n s i t y  t h a t  t h e  r a t e  o f  g e n e r a t i o n  o f  i o n i z a t i o n  and 
i t s  l o s s  t o  t h e  w a l l s  i s  e x a c t l y  b a l a n c e d .  We can f o r t u n a t e l y  n e g l e c t  t h i s  
r e g io n  f o r  i f  th e  e l e c t r i c  f i e l d  i s  s m a l l ,  a s  found  by L i t t l e  and Von E n g e l ,  
th e n  t h i s  r e g i o n  c a n n o t  m a t e r i a l l y  a f f e c t  t h e  V -  I  c h a r a c t e r i s t i c s .  These 
s im p le  a p p ro x im a t io n s  a r e  enough to  e x p l a i n  t h e  g e n e r a l  o b s e r v a t i o n  t h a t  
i n  th e  abnorm al glow th e  V -  I  c h a r a c t e r i s t i c s  depend a lm o s t  e n t i r e l y  on 
Nb w h i le  th e  d i s c h a r g e  i s  c o n s t r i c t e d  by th e  w a l l .
The c a se  o f  t h e  n o n - c o n s t r i c t e d  d i s c h a r g e  i s  a l s o  d i s c u s s e d  i n  
A ppendix  B, b u t  w i t h  i t s  lo n g  and f l a t  v o l t a g e  c h a r a c t e r i s t i c  i n  t h e  no rm al 
glow i t  i s  n o t  o f  i n t e r e s t  f o r  u se  i n  dc memory d i s p l a y s .
3 .4  The P o t e n t i a l  D i s t r i b u t i o n  i n  t h e  Cathode F a l l
The i o n i z a t i o n  e f f i c i e n c y  o f  t h e  glow d i s c h a r g e  now becomes
e n t i r e l y  d e p e n d en t  on th e  shape  o f  t h e  p o t e n t i a l  d i s t r i b u t i o n  <f> (x) when we
S (37)assume th e  a p p ro x im a t io n  o f  a(<f>/Nx) o u t l i n e d  i n  s e c t i o n  3 . 2 .  Lucas  h a s
g iv en  an a p p ro x im a te  e x p r e s s io n  f o r  <j> w hich  i s  q u i t e  g e n e r a l  i n  te rm s  o f  a
shape  p a ra m e te r  s .
<|>s (x) = V(1 -  (1 -  t ) S) 3 .2
w here t  = x / f  and V i s  th e  f a l l  v o l t a g e
D i f f e r e n t i a t i o n  o f  3 .2  shows t h a t  s i s  t h e  r a t i o  o f  t h e  f i e l d  a t  th e
c a th o d e  a t  t  = o t o  t h e  mean f i e l d  V / f .
The shape  assumed by L i t t l e  and Von E nge l  i s  t h e  p a r t i c u l a r  one 
w i th  s = 2 and c o r r e s p o n d s  t o  t h e  l i n e a r l y  r e d u c in g  f i e l d  w hich  th e y  
m easu red  e x p e r i m e n t a l l y . However, we show i n  t h e  n e x t  c h a p t e r  t h a t  s i s  
d e te rm in e d  by th e  c a th o d e  c o n s t a n t  K, w here  a p p ro x im a te ly  K = I n  (1 + 1 / y ) , 
and a l th o u g h  s = 2 i s  a  f a i r l y  common v a lu e  t o  o b t a i n  i t  c o r r e s p o n d s  to  
o n ly  a p a r t i c u l a r  c a th o d e  m a t e r i a l ,  i . e .  w i t h  K -  4 o r  y -  0 . 0 2 ,  se e  
e q u a t io n  4 .2 7 .
E q u a t io n  3 .2  i s  a  v e ry  c o n v e n ie n t  one to  u s e  i n  e n g i n e e r i n g  
c a l c u l a t i o n s  b u t  i t  i s  o n ly  a p p l i c a b l e  t o  t h e  c a s e  o f  an  u n r e s t r i c t e d  glow 
w i th  f  $ d b e c a u s e  i t  i s  e a s i l y  s e e n  i t  assum es z e ro  f i e l d  a t  x = f . T h is
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i s  i l l u s t r a t e d  i n  F i g u r e  11 w here t h e  Lucas  d i s t r i b u t i o n  i s  compared w i th  
t h a t  c a l c u l a t e d  more r i g o r o u s l y  i n  C h a p te r  4 .  When th e  glow i s  o b s t r u c t e d  
o r  t h e  c u r r e n t  d e n s i t y  c a n n o t  r i s e  s u f f i c i e n t l y  to  p r o v id e  t h e  n e c e s s a r y  
sp ace  c h a rg e  so t h a t  f  < d t h e n  th e  Lucas  d i s t r i b u t i o n  i s  n o t  s t r i c t l y  
a p p l i c a b l e .  F o r  t h i s  c a s e  t h e  a u th o r  h a s  d e v i s e d  an e x te n d e d  v e r s i o n  o f  
fo rm u la  w hich  i n c l u d e s  t h e  p a ra m e te r  0 e q u a l  to  t h e  r a t i o  o f  t h e  f i e l d  a t  
t h e  anode to  t h e  mean f i e l d  V /d .  T h is  fo rm u la  h a s  n o t  b e e n  p u b l i s h e d  b e f o r e .
. I t  i s  e a s y  to  s e e  t h a t  i t  r e v e r t s  t o  t h e  Lucas  fo rm u la  when 0 = 0  and i t  
a l s o  c o v e r s  t h e  c a s e  b e f o r e  breakdow n when t h e  f i e l d  i s  u n i fo rm  and s = 0 = 1 .
worked o u t  i n  t h e  n e x t  c h a p t e r  w here  i t  i s  shown t h a t  s and 0 have  a  f a i r l y  
l i m i t e d  r a n g e  o f  p o s s i b l e  v a l u e s :
s i s  t h e  maximum v a l u e  o f  s a t t a i n e d  i n  t h e  u n r e s t r i c t e d  glow and i t  m
depends  on K a lm o s t  e n t i r e l y .  F o r  v a l u e s  o f  K from  z e ro  to  i n f i n i t y
7 /3  < sm < 5 /3  g iv e s  t h i s  r a n g e .
i s  shown i n  F i g u r e  12 . The v a lu e s  o f  s and 0 have  b een  c h o se n  a c c o r d in g  to  
e q u a t io n s  4 .3 4  and 4 .3 5 .  As c a n  be s e e n ,  t h i s  fo rm u la  i s  s u f f i c i e n t l y  
c l o s e  t o  a l l o w  i t  t o  be u se d  f o r  c a l c u l a t i n g  t h e  t o t a l  i o n i z a t i o n  p ro d u ced  
a c r o s s  t h e  c a th o d e  f a l l  f o r  d i f f e r e n t  p o t e n t i a l  s h a p e s .  T h is  i n  t u r n  i s
whenever t h e  glow i s  r e s t r i c t e d .
We a r e  now i n  p r i n c i p l e  a b l e  t o  compute t h e  V -  I  c h a r a c t e r i s t i c  
and f o l lo w  i t  th ro u g h  from  e x t i n c t i o n  to  t h e  s t r i k e  v o l t a g e .  A g r a p h i c a l  
m ethod by w hich  t h i s  may be  a c h ie v e d  i s  shown i n  A ppendix  C.
3 .5  The F o rm a t iv e  Times o f  t h e  Glow D is c h a rg e
A p lasm a p a n e l  may w i t h s t a n d  t h e  a p p l i c a t i o n  o f  a  v o l t a g e  p u l s e  
o f  h e i g h t  Vg f o r  some c o n s i d e r a b l e  t im e ,  p a r t i c u l a r l y  i f  t h e r e  i s  no 
i n i t i a t i n g  p r im in g  e l e c t r o n s  p r e s e n t .  However, random  b ackg round  r a d i a t i o n  
o f  cosm ic o r  r a d i o a c t i v e  o r i g i n  w i l l  e v e n t u a l l y  p ro d u c e  an  e l e c t r o n  i n  t h e  
r i g h t  p o s i t i o n  and so i n i t i a t e  t h e  s t r i k e  p r o c e s s  when th e  v o l t a g e  a c r o s s
<f> ( t )  = V s s + 0 3 .3
The r e l a t i o n s h i p s  b e tw een  s ,  0 and th e  r e d u c e d  power d e n s i t y  a r e
1 £ 0 £ 0 and 1 £ s $ sm 3 .4
T h is  e x te n d e d  Lucas  d i s t r i b u t i o n  i s  a l s o  compared w i t h  t h e o r y  and
needed  i f  t h e  v o l t a g e  i s  to  be found  by s o lv i n g  t h e  s e l f - s u s t a i n i n g  c o n d i t i o n
-  19 -
t h e  g a s  c o l l a p s e s  o r  b r e a k s  down. The t im e  d e l a y  f o r  t h i s  to  happen  w i l l
v a r y  i n  a  s t a t i s t i c a l  m anner and so i s  known a s  s t a t i s t i c a l  t im e  l a g .
However, even  when such  e l e c t r o n s  a r e  p r e s e n t  t h e r e  i s  an a p p r e c i a b l e  d e l a y
b e f o r e  t h e  c o l l a p s e  o f  v o l t a g e  t a k e s  p l a c e .  T h is  i s  c a l l e d  t h e  f o r m a t i v e
t im e  o f  t h e  d i s c h a r g e  and i s  s t r o n g l y  d e p e n d e n t  on t h e  a p p l i e d  v o l t a g e ,
V^. When -  Vg i t  i s  v e r y  lo n g  b u t  d e c r e a s e s  r a p i d l y  a s  i s  r a i s e d
above V . T h is  i s  b e c a u s e  breakdow n o c c u r s  w i th  t h e  o n s e t  o f  a  s i g n i f i c a n t  
® ( 30)
space  c h a r g e ,  se e  f o r  i n s t a n c e  V arney  e t  a l  , and t h i s  r e q u i r e s  a minimum
c u r r e n t  t o  f lo w  b e f o r e  i t  becomes a p p r e c i a b l e .  T h is  c u r r e n t  b u i l d s  up v i a
th e  p r o c e s s  o f  m u l t i p l i c a t i o n  by e l e c t r o n  i o n i z a t i o n  and f e e d b a c k  to  t h e
c a th o d e  c a u s i n g  t h e  r e l e a s e  o f  more s e c o n d a ry  e l e c t r o n s  e a ch  t im e  r o u n d .
The number o f  c y c l e s  and t h e  t im e  t a k e n  t o  breakdow n when th e  v o l t a g e
c o l l a p s e s  i s  d e te rm in e d  by th e  s lo w e s t  o f  t h e  im p o r ta n t  p r o c e s s e s .  I t  a l s o
c l e a r l y  w i l l  depend on th e  i n i t i a l  c u r r e n t  p r e s e n t  when th e  p u l s e  i s  f i r s t
a p p l i e d .  T h is  p r im in g  c u r r e n t  i s  c a t e r e d  f o r  by  h a v in g  "keep  a l i v e "  c e l l s
i n  p lasm a p a n e l s  a s  m e n t io n e d  i n  t h e  i n t r o d u c t i o n ,  w h i l e  f o r  m easurem ent
p u r p o s e s  i t  i s  s u f f i c i e n t  t o  know th e  breakdow n c h a r a c t e r i s t i c s  when an
a d j a c e n t  c e l l  i s  r u n n in g  w i t h  a  c u r r e n t  o f  ^  10 yA and so s u p p ly in g  t h e
n e c e s s a r y  p r im in g  e l e c t r o n s .  We w i l l  t h e r e f o r e  n o t  be c o n c e rn e d  i n  t h i s
t h e s i s  w i t h  s t a t i s t i c a l  t im e  l a g  w hich  fo rm s a s u b j e c t  i n  i t s  own r i g h t .
We w i l l  suppose  t h a t  we a lw ays  have  s u f f i c i e n t  p r im in g  p r e s e n t  f o r  f o r m a t i v e
t im e  to  be t h e  o n ly  s i g n i f i c a n t  t im e  in v o lv e d .
Much work h a s  b een  done i n  t h e  s tu d y  o f  f o r m a t i v e  t im e  l a g
(39)
p a r t i c u l a r l y  by th e  Swansea S c h o o l ,  l e d  by  F .  L l e w e l ly n - J o n e s  
P. M. D a v id s o n ^ * ^  h a s ,  f o r  i n s t a n c e ,  g iv e n  an e x a c t  a n a l y t i c a l  e x p r e s s i o n  
f o r  i o n i z a t i o n  g row th  d u r in g  t h e  b u i l d - u p  o f  t h e  d i s c h a r g e  c u r r e n t s  w h ich  
n o t  o n ly  t a k e s  i n t o  a c c o u n t  a l l  t h e  com plex  s e c o n d a ry  p r o c e s s e s  t a k i n g  
p l a c e  a t  t h e  c a th o d e  b u t  a l s o  t h e  i n i t i a l  d i s p o s i t i o n  o f  t h e  c h a r g e s  b e tw een  
t h e  e l e c t r o d e s .  The s t r o n g  t h e o r e t i c a l  dependence  o f  such  g ro w th  t im e s  on 
th e  o v e r  v o l t a g e s  a p p l i e d ,  i . e .  (V^ -  V )■, h a s  h e lp e d  to  e x p l a i n  some o f  
t h e  v e r y  s h o r t  f o r m a t i v e  t im e s  m easu red  e x p e r i m e n t a l l y  w hich  had p r e v i o u s l y  
seemed t o  i n v a l i d a t e  t h e  w hole  Townsend c o n c e p t .  W ith  h i g h e r  o v e r  v o l t a g e s  
breakdow n can  o c c u r  w i t h o u t  some o f  t h e  s lo w e r  f e e d b a c k  p r o c e s s e s .  Thus 
w i t h  s u f f i c i e n t  o v e r  v o l t a g e  f e e d b a c k  due to  p h o to n s  c a u s e s  th e  b reakdow n 
and th e  t im e s  o f  e l e c t r o n  t r a n s i t  d e te r m in e  t h e  f o r m a t i v e  t im e s .
W ith  s t i l l  h i g h e r  o v e r  v o l t a g e s  and a t  h ig h  g as  d e n s i t i e s  t h e  
breakdow n can  o c c u r  w i t h i n  an e l e c t r o n  t r a n s i t  t im e  and t h e  im p o r t a n t  
p r o c e s s e s  can  be v e r y  d i f f e r e n t  w i th  a  p h o to  i o n i z a t i o n  f r o n t  " s t r e a m in g "
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(22)t h ro u g h  th e  gas  and f i e l d  e m is s io n  a t  t h e  c a th o d e  b e in g  p ro m in e n t
By em ploy ing  o n ly  m o d e ra te  o v e r  v o l t a g e s  and d e n s i t i e s  o n l y  a  f r a c t i o n  o f
t h a t  a t  a tm o sp h e re  p r e s s u r e  we w i l l  n o t  be c o n c e rn e d  w i th  t h i s  s o - c a l l e d
(41)
s t r e a m e r  r e g im e ,  s e e  f o r  i n s t a n c e  Meek and C ra g g s ,  p .  252
However, t h e  a n a l y s i s  o f  D avidson  i s  r a t h e r  to o  g e n e r a l  and more 
complex th a n  we r e q u i r e  h e r e  and b e s i d e s  i t  does  n o t  t a k e  i n t o  a c c o u n t  t h e  
im p o r ta n t  l o s s  o f  i o n i z a t i o n  to  t h e  w a l l s  w h ich  w i l l  a l s o  t a k e  p l a c e  d u r in g  
th e  b u i l d - u p  p r o c e s s .  Our own a p p ro a c h  i s  s i m i l a r  t o  th e  e a r l i e r  t r e a t m e n t s
/  ry  a \  /  /  A N
by D ry v e s te y n  and P en n in g  and by Schade . Here  t h e  r a t e  o f  c u r r e n t
b u i l d - u p  depends  on t h e  o v e r  v o l t a g e  V, -  V b e c a u s e  i t  i s  p r o p o r t i o n a l  t o  th eb s
sm a l l  i n c r e a s e d  r a t e  o f  i o n i z a t i o n  o v e r  t h e  l o s s  a s  d e te rm in e d  by th e  s e l f -
s u s t a i n i n g  c o n d i t i o n .  The s lo w e s t  im p o r ta n t  p r o c e s s  i s  t a k e n  to  be t h e  io n
fe e d b a c k .  The a c t i o n  o f  t h e  m e t a s t a b l e  neon atom s i n  th e  f e e d b a c k  p r o c e s s
i s  th o u g h t  to  be  to o  s low  to  be  im p o r ta n t  f o r  d e te r m in in g  Vg i n  p lasm a  p a n e l s
r u n n in g  i n  p u r e  Neon g a s .  The m e t a s t a b l e  neon  a tom s would t a k e  a few  h u n d red
m ic ro se c o n d s  to  t r a v e r s e  t h e  c e l l  by  d i f f u s i o n ,  w h i l e  t h e  i o n s  t a k e  a b o u t  a
(43)m ic ro s e c o n d ,  s e e  L oeb , p .  855 . The o r d e r  o f  t h e  f o r m a t iv e  t im e  o b s e rv e d
i s  up t o  a  few t e n s  o f  m ic ro se c o n d s  w hich  a p p e a r s  to  c o n f i rm  t h i s  a s s u m p t io n .
The a n a l y s i s  i s  c a r r i e d  o u t  i n  s e c t i o n  4 . 6 ,  and some e x p e r im e n ta l  r e s u l t s  a r e
g iv e n  i n  C h a p te r  6 .
3 .6  The Decay Times o f  t h e  Glow D is c h a rg e
M ost o f  t h e  work on th e  d e c ay  o f  i o n i z a t i o n ,  w hich  i s  o f  i n t e r e s t  
i n  p lasm a  p a n e l s  b e c a u s e  i t  d e te r m in e s  t h e  speed  w i th  w hich  th e  p a n e l  may be 
s w i tc h e d  o f f ,  h a s  b e e n  done b e c a u s e  o f  i t s  p r a c t i c a l  e n g in e e r i n g  i n t e r e s t  
i n  p a r t i c u l a r  d i s c h a r g e  t u b e s .  D e i o n i z a t i o n  c an  t a k e  p l a c e  th ro u g h  th e  
a c t i o n  o f  r e c o m b in a t io n  o r  a t t a c h m e n t  a s  w e l l  as  by th e  p r o c e s s e s  o f  
d i f f u s i o n  to  t h e  w a l l s  o r  d r i f t  to  th e  e l e c t r o d e s .  I f  th e  v o l t a g e  i s  
removed a l t o g e t h e r  th e n  a m b ip o la r  d i f f u s i o n  to  t h e  w a l l s  and volum e 
r e c o m b in a t io n  i n  t h e  g a s  o n ly  a r e  p o s s i b l e .  At t h e  v a l u e s  o f  Nb u sed  i n  
p lasm a p a n e ls ,  volume r e c o m b in a t io n  i s  th e  more i m p o r t a n t ,  s e e  G. F .  W eston , 
p . 1 7 0 ( 4 4 ) ,
T h i s  b e in g  a two-body p r o c e s s  d e p e n d in g  on t h e  c o n c e n t r a t i o n  o f
th e  io n s  and e l e c t r o n s  whose d e n s i t i e s  N and N a r e  n e a r l y  e q u a l  y i e l d s ;  a
t im e  dependance  o f  th e  form :
N+ = N_ = N /(N  Rt + 1) 3 .5o o
Here R i s  t h e  r e c o m b in a t io n  c o e f f i c i e n t  and N i s  t h e  i n i t i a l  d e n s i t y  o fo
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t h e  io n s  and e l e c t r o n s  a t  t im e  x = 0 when th e y  a r e  assumed to  be e q u a l .  
B io n d i  and B r o w n m e a s u r e d  R i n  neon  and o b ta in e d  R = 2 .0 7  10 ^ cm^ se c   ^
T h is  i s  much l a r g e r  th a n  i s  a t  f i r s t  e x p e c t e d .  I t  h a s  been  e x p la in e d  by 
B a te s  i n  te rm s  o f  t h e  e x i s t e n c e  o f  m o le c u la r  io n s  i n  t h e  r a r e  g a s e s
and a c c o r d in g  t o  t h e  d i s s o c i a t i v e  r e c o m b in a t io n  r e a c t i o n :
Ne2 + e 2Ne 3 .6
Only a t  p r e s s u r e s  l e s s  th a n  'v* 1 t o r r  does  a m b ip o la r  d i f f u s i o n  t o  t h e  w a l l s  
become i m p o r t a n t .  The d i f f e r e n t i a l  e q u a t i o n  f o r  th e  e l e c t r o n  d e n s i t y  can  
th e n  be  w r i t t e n  a s :
1 dN D
m = ~a—  = - r  + RN N dx ,2 3 .7
w here A i s  t h e  d i f f u s i o n  l e n g t h  o f  t h e  d i s p l a y  c e l l s
The a m b ip o la r  d i f f u s i o n  c o e f f i c i e n t  D may be  w r i t t e n  i n  te rm s  o f  t h e  E i n s t e i n  
r e l a t i o n s h i p  a p p ro x im a te ly  a s :
D -
e P,
(T + T ) 3 .8
w here y i s  t h e  io n  m o b i l i t y .  The e l e c t r o n  m o b i l i t y  i s  to o  l a r g e  to  be 
s i g n i f i c a n t .  p Q i s  th e  p r e s s u r e  r e d u c e d  t o  0°C and T+ and T a r e  th e  io n  
and e l e c t r o n  t e m p e r a tu r e s  r e s p e c t i v e l y .  E q u a t io n  3 .7  can  be i n t e g r a t e d  and 
y i e l d s :
D
a2n ‘
+ R = D ' Dx2 + R exp 2AN Ao
3 .9
Thus a t  low e l e c t r o n  d e n s i t i e s  d i f f u s i o n  w i l l  p re d o m in a te  and th e  p lasm a
w i l l  d ecay  w i th  a  t im e  c o n s t a n t  o f
D
A w i l l  depend on b and d and w i l l
be t h e  o r d e r  o f  w h ic h e v e r  i s  t h e  s m a l l e r .  The m o b i l i t y  o f  t h e  i o n s  d e pends
on t h e  gas d e n s i t y  and i s  l i m i t e d  by c h a rg e  e x c h a n g in g  c o l l i s i o n s  a c c o r d in g
t o  L i t t l e  and Von E n g e l ^  . H o rn b e c k 's  m e a s u r e m e n t s y i e l d  a  v a lu e  f o r  
+ 2Neon o f  y t  1250 cm t o r r / v o l t  s e c .  w hich  g iv e s  a t  room t e m p e r a tu r e  Dp z 65 
2
cm t o r r / s e c .  o r  t y p i c a l  t im e  c o n s t a n t s  o f  150 y s e c .  f o r  d i s p l a y  c e l l s .  
However, i n  p lasm a  d i s p l a y s  t h e  v o l t a g e  a c r o s s  t h e  e l e c t r o d e s  i s  a lw ays  
g r e a t e r  th a n  'X/100 v o l t s  even  d u r in g  a  f u l l  e x t i n c t i o n  p u l s e  e x c e p t  o f
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c o u rs e  when th e  v o l t a g e  t o  t h e  w hole  d i s p l a y  i s  sw i tc h e d  o f f .  The c u r r e n t s  
d ecay  i n  t h e  same way a s  th e y  b u i l d  up d u r in g  th e  f o r m a t iv e  p e r i o d  u n t i l  
t h e  e x t i n c t i o n  c u r r e n t  v a lu e  i s  r e a c h e d .  A t t h i s  p o i n t  t h e  p o s i t i v e  io n  
sp ace  c h a rg e  b e g in s  to  d i s p e r s e  and th e  i o n i z a t i o n  p r o c e s s  becomes l e s s  
e f f i c i e n t .  Thus a  s i t u a t i o n  e x i s t s  w here t h e  d i s c h a r g e  r a p i d l y  s w i tc h e s  
i t s e l f  o f f  and w i l l  n o t  r e l i g h t  u n t i l  a v o l t a g e  com parab le  t o  Vg i s  a p p l i e d  
a g a in .  The speed  o f  d i s p e r s a l  may be  gauged by t h e  f o r m a t iv e  t im e  r e q u i r e d  
when Vg i s  r e a p p l i e d  a f t e r  a  d ecay  p e r i o d .  T h is  i s  found t o  depend on th e  
v o l t a g e  l e f t  a c r o s s  th e  tu b e  d u r in g  t h e  d e c ay  p e r i o d .  I f  t h e  v o l t a g e  i s  
d ropped  to  z e ro  t h e n  th e  i o n i z a t i o n  d e c ay s  by r e c o m b in a t io n  and d i f f u s i o n .  
However, t h e  d e c ay  i s  more r a p i d  when ^  ± 100 v o l t s  i s  a p p l i e d  b e c a u s e  o f  
"sweep o u t "  w here t h e  i o n s  d r i f t  t o  one o r  o t h e r  e l e c t r o d e  and re c o m b in e .
At t h a t  v o l t a g e  t h e  e l e c t r o n  i o n i z a t i o n  i s  i n a d e q u a te  t o  r e p l e n i s h  t h e  io n  
l o s s  and r a p i d  e x t i n c t i o n  t im e s  can be  a c h i e v e d 0 These  a r e  o f  t h e  o r d e r  o f  
m ic ro se c o n d s  o r  one o r  two io n  t r a n s i t  t im e s .  T h is  e f f e c t  i s  d e m o n s t r a te d  
i n  C h a p te r  6 f o r  dynamic m easu rem en ts  o f  th e  e x t i n c t i o n  v o l t a g e ,  s e e  F ig u r e  
43.
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4 .  THE ANALYTICAL MODEL
The m odel i s  e s s e n t i a l l y  t h a t  d e v e lo p e d  by W a r d ^ 0  ^ f o r  s o l u t i o n  
by a d i g i t a l  com puter  b u t  a l s o  i n c l u d e s  t h e  b o u n d a ry  c o n d i t i o n s  due t o  
r e c o m b in a t io n  a t  t h e  w a l l s  and th e  e f f e c t  o f  n o n -u n i fo rm  f i e l d s  on th e  
c o e f f i c i e n t s ,  a  and y ,  m en t io n e d  i n  th e  p r e v i o u s  C h a p te r .  We use  W ard 's  
e m p i r i c a l  r e l a t i o n s h i p  f o r  a  i n  t h e  n o b le  g a s e s  b u t  m o d i f i e d ,  a s  i n  A ppendix  
A, to  t a k e  a c c o u n t  o f  t h e  n o n -u n i fo rm  f i e l d  i n  t h e  c a th o d e  f a l l :
4 .1  R eco m b in a tio n  a t  C e l l  W alls
S in c e  t h e  w a l l s  a r e  i n s u l a t i n g  th e y  w i l l  r e a c h  a  p o t e n t i a l  w h ich  
e n s u r e s  t h a t  th e y  c o l l e c t  e q u a l  e l e c t r o n  and io n  c u r r e n t s . T h is  l o s s  o f
c u r r e n t  r e p r e s e n t s  an e f f e c t i v e  r e d u c t i o n  i n  a ,  due to  r e c o m b in a t io n ,  t o  a
new v a lu e  a ' .  I f  t h i s  l o s s  i s  p r o p o r t i o n a l  to  th e  r a t i o  o f  w a l l  a r e a  to  
c r o s s - s e c t i o n a l  a r e a  o f  t h e  c e l l ,  t h e n  we can  w r i t e :
a '  = a -  k /b  4 .2
w here k i s  a  r e c o m b in a t io n  c o n s t a n t  to  be  d e te rm in e d  e m p i r i c a l l y  and b i s
th e  d ia m e te r  o f  t h e  c e l l .
4 .2  The S e l f - S u s t a i n i n g  C o n d i t io n
T h is  i s  t h e  c o n d i t i o n  w hich  r e l a t e s  T ow nsend 's  o r i g i n a l  c o e f f i c i e n t s  
a  and y t o g e t h e r ,  se e  e q u a t i o n  3 . 1 .  Howevqr, y i s  t h e  sum o f  a  number o f  
s e c o n d a ry  p r o c e s s e s  y .  due t o  t h e  io n s  and y due to  p h o to n s ,  e t c .  A n o th e r
. 1 . (51?c o e f f i c i e n t  6 was f i r s t  i n t r o d u c e d  by Neu t o  a c c o u n t  f o r  i o n s  w hich
s p i l l  i n  from  th e  n e g a t i v e  g low . We i n t r o d u c e  f u r t h e r  th e  c o e f f i c i e n t  3
and 3^, w hich  a r e  n o t  t o  be c o n fu se d  w i th  T ow nsend 's  o r i g i n a l  c o e f f i c i e n t
f o r  i o n i z a t i o n  o f  t h e  gas  by  t h e  i o n s  th e m s e lv e s  and w hich  h a s  b e e n  shown,
( 11)by Von E n g e l ,  p .  68 f o r  i n s t a n c e ,  to  be n e g l i g i b l e  compared w i t h  y .  3"* 
h e r e  i s  u se d  to  d e n o te  t h e  f i r s t  o r d e r  dependence  o f  y on t h e  s t r e n g t h  o f  
t h e  re d u c e d  f i e l d  a t  t h e  c a th o d e ,  w h i l e  3 i s  r e l a t e d  t o  3^ as  i s  d e s c r i b e d  
be lo w . The t r e a t m e n t  w hich  fo l lo w s  i s  s i m i l a r  t o  t h a t  d e s c r i b e d  by S a lm i 
and L a n z a ^ ^ ^  .
The e l e c t r o n  c u r r e n t  w hich l e a v e s  t h e  c a th o d e  i s  t h e  s e c o n d a r i l y  
e m i t t e d  c u r r e n t  re d u c e d  by  a back  d i f f u s i o n  f a c t o r  g iv e n  by :
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4v d
4v d + v e 1 + 3 / s n
4 .3
where and a r e  t h e  e l e c t r o n  e m is s io n  and d r i f t  v e l o c i t y  r e s p e c t i v e l y .  
The d r i f t  v e l o c i t y  i s  p r o p o r t i o n a l  t o  s p ,  th e  r e d u c e d  f i e l d  a t  t h e  c a th o d e
E x cep t  f o r  y .  th e  io n  c o n t r i b u t i o n  t o  y w hich  i s  p r o p o r t i o n a l  to  t h e  io n
1 + . .c u r r e n t  d e n s i t y  a t  t h e  c a th o d e ,  J  , a l l  o t h e r  c o n t r i b u t i o n s  y a r e  J o o
p r o p o r t i o n a l  t o  th e  t o t a l  c u r r e n t  d e n s i t y ,  J .
S i m i l a r l y ,  t o  t h e  m ethod f o l lo w e d  by N e u ^ ^  we w r i t e  down th e  
f o l l o w in g  r e l a t i o n s h i p s  be tw een  th e  v a r i o u s  c u r r e n t  d e n s i t i e s :
J = J + J  ; J  = J q exp
1 + 3 ^ / s p
a dx
= y . J  + y J  ; J _ + = 6 J' l  o 'o  f  f
4 .4
The s u p e r s c r i p t s  + and -  r e f e r  t o  t h e  i o n s  and e l e c t r o n s  w h i le  t h e  s u b s c r i p t s  
o and f  r e f e r  t o  q u a n t i t i e s  a t  t h e  c a th o d e  a t  x = o and a t  t h e  edge o f  t h e  
c a th o d e  f a l l  a t  x  = f  r e s p e c t i v e l y ;  o th e r w i s e  t h e  g e n e r a l  p o s i t i o n ,  x ,  i s  
t o  be  i n f e r r e d .  I n  t h e  same way a s  e q u a t i o n  3 .1  was d e r iv e d  we e l i m i n a t e  
t h e  c u r r e n t  d e n s i t i e s  from  t h e s e  e q u a t i o n s  t o  o b t a i n  t h e  s e l f - s u s t a i n i n g  
c o n d i t i o n :
K = a  dx = I n  *
1 + 1/ y^ + (3 /ST1Y.J 
(1 + 6 ) ( 1  + Y0 /Y £ )
4 .5
Note t h a t  f o r  K'" t o  have  l a r g e  v a l u e s ,  a l l  t h e  q u a n t i t i e s  y ^ ,  6 and Y0 /Y j > 
s h o u ld  be sm a l l  compared to  u n i t y  . I f  a l s o  (3  /y ^ s p )  << 1 th e n  a 
s i m p l i f i c a t i o n  can  be made i n  term s o f  t h e  c o e f f i c i e n t  3 d e f i n e d  a s  f o l l o w s :
k " s K(1 + 3 / sp) 4 .6
f 1 + 1/Yi 1 3 '
where K = In  { (1 + } ( ^  V y ^ T  J ^  3 = K(1 +’ yV) 4 .7
We d e s i g n a t e  K a s  th e  c a th o d e  c o n s t a n t  
A f i n a l  form  o f  t h e  s e l f - s u s t a i n i n g  c o n d i t i o n  can be o b t a i n e d  from  e q u a t i o n
4 .5  by s u b s t i t u t i n g  th e  r e l e v a n t  q u a n t i t i e s  from  e q u a t i o n s  4 . 1 ,  4 .2  and  4 . 6 .
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K
GNf
K
GNf 1 +  —sn
= F
V
1 + sn
n_
*o
+  —
sn .
(n /v s) ■ i / p
4 .8
Here F h a s  b een  w r i t t e n  f o r  t h e  i o n i z a t i o n  i n t e g r a l  Y { l , n , s }  w here
f t
Y { t , n , s }  =
n t  o v d t 4 .9
and H = K/G ; n = C ; V = n H ; H = Nf ; o o o o o
n = V/Nf ; P = GNb/k ;
Here 4>s ( t )  may be t a k e n  from  th e  e x te n d e d  Lucas d i s t r i b u t i o n  e q u a t i o n
3 .3  o r  a  more a c c u r a t e  d i s t r i b u t i o n  as  i s  now d e r i v e d  be low .
4 .1 0
4 .3  S p ace-C harge  and th e  P o t e n t i a l  D i s t r i b u t i o n
The p o t e n t i a l  d i s t r i b u t i o n  i s  d e r i v e d  from  P o i s s o n Ts e q u a t i o n :
d2 cj) _ 1 j  J + _ j '
,  2 e I + dx o v  v
4 .1 1
e i s  t h e  d i e l e c t r i c  c o n s t a n t  o f  f r e e  s p a c e :
? . . . .v and v  a r e  t h e  io n  and e l e c t r o n  d r i f t  v e l o c i t i e s
I f  we assum e: v +/ v  = 6
th e n  we can s i m p l i f y  e q u a t i o n  4 .1 1  by th e  u se  o f  r e l a t i o n s  4 .4 :
4 .1 2
d <f> _ - J
. 2  + dx e v o
1 -  exp - a dx
x
4 .1 3
I n  p r a c t i s e  t h e  shape  o f  t h e  p o t e n t i a l  d i s t r i b u t i o n  i s  n o t  v e r y  
s e n s i t i v e  t o  t h e  v a r i a t i o n s  o f  n  w i th  q b u t  depend m a in ly  on t h e  c a th o d e  
c o n s t a n t  K. The s i m p l e s t  d i s t r i b u t i o n  f o r  <J> i s  t h u s  o b t a i n e d  by 
a p p ro x im a t in g  4 .1 3  to  i t s  form  f o r  a c o n s t a n t  a  a c r o s s  t h e  c a th o d e  f a l l  
w h i l e  n e g l e c t i n g  th e  e f f e c t  o f  3.
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d cf) _ - J
, 2 + dx e v o
1 -  exp -  K [ 1 -  -  j 4 .1 4
( 6)Follow ing  L i t t l e  and \bn  E n g e l  who a rg u e  t h a t  c h a rg e  e x c h an g in g  c o l l i s i o n s  
a r e  m a in ly  r e s p o n s i b l e  f o r  l i m i t i n g  th e  io n  d r i f t  v e l o c i t y  v* we w r i t e :
+ + / 1  dd)
V = W /  N dx 4 .1 5
4* # # ( # *4*
Here y- i s  t h e  io n  m o b i l i t y .  On s u b s t i t u t i n g  f o r  v  i n  e q u a t i o n  4 .1 4  and 
i n t e g r a t i n g  once  we o b t a i n :
dx
V
3/2
Ef f
V
3/2
, 1 W
_ 2 W P o
>
%
ri
5 /2
Z{K(1- x /f  ) } 
K 4 .1 6
I I  . J I
w here  Z ( t) = x - 1 + exp “ t ; 4 .1 7
+ i 2^ 5e y irk C
and W = — ----- *-----  ; W = IV  ;
0 6G
4 .1 8
2I  = irb j / 4 i s  t h e  t o t a l  c u r r e n t  f lo w in g  and i s  t h e  e l e c t r i c  f i e l d  a t  t h e  
edge o f  t h e  c a th o d e  f a l l ,  x  = f .  The glow i s  s a i d  t o  b e  r e s t r i c t e d  when 
f  = d , t h e  a n o d e -c a th o d e  s e p a r a t i o n .  I n  t h e  f o l l o w i n g  d i s c u s s i o n  we w r i t e  
R and 0 f o r  t h e  d im e n s io n le s s  q u a n t i t i e s :
R = J _  J L
t>2 W P o
5/2
and 0 = VV 4 .1 9
I n  g e n e r a l  R and 0 a r e  f u n c t i o n s  o f  K and s .
J i
From e q u a t i o n  4 .1 6  we s e e  t h a t  i f  R = 0 t h e n  0 = 1  and ~  = E^ 
V/d a c o n s t a n t  f i e l d  d i s t r i b u t i o n .  A f u r t h e r  i n t e g r a t i o n  f o r m a l l y  y i e l d s
t h e  p o t e n t i a l  d i s t r i b u t i o n :
f = i - T K{ e ,  (x -  t> } 4 .2 0
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w h e re : 'K
,3 /2  + R Z(Kt)
K
2 /3
d t 4 .2 1
and m ust s a t i s f y  t h e  c o n d i t i o n  <j) = 0 when t  = 0 ,  i . e .  th e  i n t e g r a l  
e q u a t i o n :
r
K 1 = 1 4 .2 2
T h is  c o n d i t i o n  i s  u se d  t o  d e te r m in e  0 i n  te rm s  o f  R. 0 d e c r e a s e s  from  i t s  
i n i t i a l  v a lu e  o f  u n i t y  to w a rd s  z e ro  as  R i n c r e a s e s  from  z e ro  w i th  th e  
i n c r e a s i n g  power W d i s s i p a t e d  by th e  g low .
We now c o n s id e r  a  s p e c i a l  c a se  o f  t h e  a bove .
4 .4  The U n r e s t r i c t e d  Glow
R r e a c h e s  a maximum v a lu e  R when 0 h a s  f u l l y  d e c r e a s e d  t o  z e rom J
so t h a t  e q u a t i o n  4 .2 2  g i v e s :
R = K m
K
Z2 /3  ( t )  d t j
-  3 /2
4 .2 3
A f u r t h e r  i n c r e a s e  i n  W can  no lo n g e r  i n c r e a s e  R w hich  re m a in s  c o n s t a n t  a t  
R^. However, s i n c e  t h e  e l e c t r i c  f i e l d  a t  t h e  anode h a s  d ropped  t o  z e r o ,  
( 0 = 0 ) ,  t h e r e  i s  n o t h in g  t o  p r e v e n t  t h e  edge o f  t h e  c a th o d e  f a l l  d e f i n e d  by 
E^ = 0 p u l l i n g  away from th e  anode so t h a t  f  < d and t h e  glow i s  no l o n g e r  
r e s t r i c t e d .  Thus f u r t h e r  i n c r e a s e  i n  W m e re ly  r e s u l t s  i n  a  d e c r e a s e  o f  f .  
The g e n e r a l  shape  o f  t h e  d i s t r i b u t i o n  cf> i s  now f i x e d  and depends  o n ly  on 
th e  c a th o d e  c o n s t a n t  K.
!  = 1 -  T J  0 ,  (1  -  t ) 4 .2 4
T h is  d i s t r i b u t i o n  can be  compared d i r e c t l y  w i t h  t h e  Lucas  d i s t r i b u t i o n  
b e c a u s e  i n  b o th  c a s e s  t h e  e l e c t r i c  f i e l d  i s  z e ro  a t  t h e  edge o f  t h e  
c a th o d e  f a l l ,  0 = 0  when t  = 1 . F o r  t h i s  p u rp o s e  we d e f i n e  t h e  s f a c t o r  
o f  Lucas  i n  te rm s  o f  th e  i n i t i a l  f i e l d  a t  t h e  c a th o d e  E£ u s i n g  e q u a t i o n  
4 .1 6 .  I n  g e n e r a l  we have  th e n :
s =
E f  c
V
>3 /2  + R Z<K>K
2 /3
4 .2 5
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However, i n  th e  p a r t i c u l a r  c a s e  o f  t h e  u n r e s t r i c t e d  glow s h a s  i t s  maximum 
v a lu e  o f  c o r r e s p o n d in g  t o  0 = 0 and R = Rm.
Such a com parison  i s  shown i n  F i g u r e  13.
The d i s t r i b u t i o n s  a r e  i d e n t i c a l  f o r  th e  e x trem e  c a s e s  o f  K= 0 o r  
K °° b u t  a r e  a l s o  n o t  v e r y  d i f f e r e n t  a t  t h e  i n t e r m e d i a t e  v a l u e s  o f  
2 £ K £ 8 w hich  a r e  a p p r o p r i a t e  t o  t h e  glow u s in g  known c a th o d e  m a t e r i a l s . 
N ote  th e  r a n g e  o f  sm v a lu e s  c o r r e s p o n d in g  t o  t h e  f u l l  r a n g e  o f  K i s  f a i r l y  
l i m i t e d  w i th  :
I n  F ig u r e  (14a)  s' a s  c a l c u l a t e d  from  4 .2 6  i s  p l o t t e d  a g a i n s t  a  f u n c t i o n  o f  
K w hich  n e a r l y  y i e l d s  an  i d e n t i t y ,  so to  a  c l o s e  a p p ro x im a t io n :
T hese two e q u a t i o n s  e n a b le  t h e  u n r e s t r i c t e d  glow p a ra m e te r s  t o  be  o b t a i n e d  
e a s i l y  w i th o u t  s o l v i n g  th e  i n t e g r a l  e q u a t i o n s  e ach  t i m e . The v a r i a t i o n  o f
a l i m i t i n g  v a lu e  as  K t e n d s  t o  i n f i n i t y .  T h is  and th e  Lucas  d i s t r i b u t i o n s  
a r e  a l s o  i d e n t i c a l  f o r  t h e  t r i v i a l  c a se  o f  R = 0 ,  0 = 1  when s = 1 ,  w hich  
i s  t h e  u n i fo rm  f i e l d  d i s t r i b u t i o n  and i s  a p p r o p r i a t e  t o  a  sm a l l  d i s s i p a t i o n  
W i n  t h e  r e s t r i c t e d  glow.
f u l l  s o l u t i o n  o f  4 .2 0  u s in g  4 .2 1  and can a l s o  b e  compared w i th  t h e  e x te n d e d  
Lucas  d i s t r i b u t i o n ,  e q u a t i o n  3 . 3 ,  by  u s in g  4 .2 5  t o  d e f i n e  t h e  v a l u e  o f  0 
i n  te rm s  o f  R as  shown be low .
2 /3
sm
1
4 .2 6
7 /3  £ s' £ 5 /3  f o r  0 £ K £ 00 m
4 .2 7
T h is  a l s o  y i e l d s ,  u s in g  4 .2 6 :
Rm
3 /2  K 
Sm Z(K)
4 .2 8
Rm w i th  K i s  p l o t t e d  i n  F i g u r e  (14b) and shows how th e  d i s s i p a t i o n  a p p ro a c h e s
The p o t e n t i a l  d i s t r i b u t i p n  i n  t h e  r e s t r i c t e d  glow i s  g iv e n  by  a
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4 .5  A G e n e ra l  P a r a m e t r i c  S o l u t i o n  o f  P o i s s o n Ts E q u a t io n s
F u l l  s o l u t i o n s  a r e  m o st  e a s i l y  o b t a i n e d  i n  te rm s  o f  a  p a ra m e te r  
Q d e f i n e d  a s :
^ 2 \  R Z(K)
t a n  Q = - 3 7 2  — 4 .2 9
We se e  Q can  t a k e  on v a l u e s  b e tw een  0 and tt/ 2 .  Once Q i s  c h o sen  t h e n  so 
a r e  a l l  t h e  o t h e r  q u a n t i t i e s .  From e q u a t i o n  4 .2 2  we o b t a i n :
l r 2 Z (K t)  1 +  t a n  Q -Z(K)
2 /3
d t 4 .3 0
From e q u a t i o n  4 .2 5 :
Sec4^3 Q 4 .3 1
From e q u a t i o n  4 .2 9 :
.3 / 2  2 _ KR = 0 t a n  Q Z(K) 4 .3 2
W hile t h e  d i s t r i b u t i o n  f u n c t i o n  can be  d e r i v e d  u s in g  e q u a t i o n s  4 .2 0  and 
4 .2 1  and y i e l d s :
V
f l
1 - t
1 + t a n 2 Q
-I 2 /3
d t 4 .3 3
When Q = 0 th e n  0 = s = 1 and R = 0 and t h e  d i s t r i b u t i o n  cf>( t )  i s  l i n e a r  
when Q -»• t t / 2  we have  th e  v a lu e s  a p p r o p r i a t e  t o  t h e  u n r e s t r i c t e d  glow a l r e a d y  
g iv e n  i n  S e c t i o n  4 . 4 .  I n  be tw een  we have  a l l  t h e  v a l u e s  a p p r o p r i a t e  t o  a 
r e s t r i c t e d  glow. I n  t h e  f o l l o w in g  g ra p h s  some o f  t h e s e  q u a n t i t i e s  a r e  
p l o t t e d .  F ig u r e  15 f o r  i n s t a n c e  shows R/Rm p l o t t e d  a g a i n s t  ( s  -  ^
f o r  K = 2 and K = 10 . The d e v i a t i q n  from  a l i n e a r  r e l a t i o n  i s  l e s s  th a n  
4% so t o  a  good a p p ro x im a t io n  we can w r i t e  :
_R_
Rm
s -  1
s -  1 m
4 .3 4
U sing  t h i s  a p p ro x im a t io n  and e q u a t i o n s  4 .2 5  and 4 .2 8  a n o th e r  a p p ro x im a t io n ,  
t h i s  t im e  f o r  0 , i s  o b t a i n e d :
2 /3
0 . 3 /2  s -  1 m s -  1 4 .3 5m
J
0 and t h i s  a p p ro x im a t io n  a r e  compared i n  F i g u r e  16 . H ere  t h e  v a l u e s  o f  s>m 
and R have  b e e n  t a k e n  u s in g  th e  a p p ro x im a te  fo rm u la e  o f  e q u a t i o n s  4 .2 7  and
4 .3 4 .  -A lthough  e q u a t i o n  4 .3 5  does  n o t  g iv e  a p a r t i c u l a r l y  a c c u r a t e  e s t i m a t e  
o f  0 f o r  a l l  v a l u e s  o f  K i t  i s  c e r t a i n l y  good enough f o r  e s t i m a t i n g  0 f o r  
u s e  i n  th e  e x te n d e d  Lucas  f o rm u la .  T h is  i s  i l l u s t r a t e d  i n  F i g u r e  12 w here 
a s e t  o f  p o t e n t i a l  d i s t r i b u t i o n  sh a p e s  have  b e e n  compared f o r  t h e  r e s t r i c t e d  
glow and f o r  a  p a r t i c u l a r  v a lu e  o f  K = 2 .
We n o t i c e  now t h a t  t h i s  a n a l y s i s  shows t h a t  i t  i s  n o t  p o s s i b l e  
f o r  t h e  edge o f  t h e  c a th o d e  f a l l  (x  = f )  t o  p u l l  away from  t h e  anode (x  = d) 
w h i l e  s < s ^ .  T h is  i s  t r u e  even  though  i t .  m ig h t  have  b een  e n e r g e t i c a l l y  
more f a v o u r a b le  u n d e r  c e r t a i n  c i r c u m s ta n c e s .  F o r  i n s t a n c e  i t  would  p ro d u c e  
a h i g h e r  f i e l d  Ec a t  t h e  c a th o d e  w i th  a  g r e a t e r  c o l l e c t i o n  e f f i c i e n c y  f o r  
t h e  e m i t t e d  e l e c t r o n s ;  i n  o t h e r  w o rd s ,  f o r  t h e  same a p p l i e d  v o l t a g e  a 
h i g h e r  c u r r e n t .  Such a p o s s i b i l i t y  i s  n o t  p e r m i t t e d  by th e  P o i s s o n  e q u a t i o n ;  
on th e  c o n t r a r y ,  i t  r e q u i r e s  s t o  e q u a l  sm b e f o r e  f  can become l e s s  t h a n  d .
4 .  6 The N e g a t iv e  Glow and Anode F a l l
When th e  glow i s  u n r e s t r i c t e d  t h e  r e g i o n  b e tw e en  x  = f  and  x  = d 
h a s  an a lm o s t  c o n s t a n t  v o l t a g e  w ith .  4>...= V. Now m ost o f  t h e  c u r r e n t  i s  d r i v e n  
by th e  c o n c e n t r a t i o n ,  g r a d i e n t s  o f  t h e  io n s  and e l e c t r o n s . S in c e  t h e r e  
i s  t h e r e f o r e  no a p p r e c i a b l e  e l e c t r i c  f i e l d  and y e t  by o u r  a s su m p t io n  t h e r e  
i s  s t i l l  i o n i z a t i o n ,  t h i s  r e g i o n  m ust form  a n e u t r a l  d e n s i t y  p la sm a  w i t h  a 
d e n s i t y  such  t h a t  t h e  r a t e  o f  i o n i z a t i o n  e x a c t l y  b a l a n c e s  t h e  r a t e  o f  l o s s  
by r e c o m b in a t io n  a t  t h e  w a l l s .  As f a r  a s  t h e  V -I  c h a r a c t e r i s t i c s  a r e  
c o n cern ed  t h i s  r e g i o n  can  t h e r e f o r e  be  n e g l e c t e d  t o  a  f i r s t  a p p ro x im a t io n  
so lo n g  as  i t  i s  n o t  to o  deep o r  n a r ro w  f o r  t h e  w a l l  l o s s e s  t o  be g r e a t e r  
thafv t h e  i o n i z a t i o n  (a** > 0 ) .  This, c o n d i t i o n  can  be w r i t t e n  u s in g  e q u a t i o n  4 .1  
and 4 .2  i n  te rm s  o f  t h e  p a ra m e te r s  Vq and P o f  e q u a t i o n  4 .1 0  a s :
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I f  t h i s  c o n d i t i o n  i s  n o t  m a in ta in e d  th e n  an e x t r a  v o l t a g e  d rop  i s  needed  
n e a r  t h e  an o d e .  T h is  i s  t h e  s o - c a l l e d  anode f a l l  v o l t a g e .  I t  adds t o  t h e  
c a th o d e  f a l l  an e x t r a  v o l t a g e  o f  a p p ro x im a te ly  t h e  i o n i z a t i o n  v o l t a g e  
enough t o  g e n e r a t e  t h e  i o n  c u r r e n t  n eed ed  f o r  t h e  p o s i t i v e  colum n. T h is  
i n c r e a s e  i n  v o l t a g e  h a ppens  q u i t e  a b r u p t l y  i f  t h e  gas d e n s i t y  i s  i n c r e a s e d ,  
o r  t h e  g e o m e t r ic  r a t i o  ( d / b ) , beyond th e  p o i n t  w here t h e  i n e q u a l i t y  4 .3 6  
i s  s a t i s f i e d .  When t h e  gas  d e n s i t y  i s  r a i s e d  (P in c r e a s e d )  t h e  anode glow 
form s f i r s t  a t  o r  n e a r  t h e  e x t i n c t i o n  v o l t a g e  t h e  lo w e s t  v o l t a g e  o f  t h e  
V -  I  c h a r a c t e r i s t i c s .  I n  f a c t  we may r e - w r i t e  t h e  c o n d i t i o n  i n  te rm s  
t h a t  an anode glow s h o u ld  o c c u r  a ro u n d  t h e  p o i n t  i n  th e  c h a r a c t e r i s t i c s  
i f  t h e  f o l l o w i n g  c o n d i t i o n  i s  s a t i s f i e d :
kd
Kb > exp -  1
-1-1
-  1 4 .3 7
As we have  s e e n  a t  low gas d e n s i t i e s  V a p p ro a c h e s  V so t h e  c o n d i t i o n  mayQ S
o n ly  be met a t  h ig h  gas  d e n s i t i e s  and w i t h  deep n a rro w  c e l l s .
P a n e ls  were i n  g e n e r a l  o p e r a t e d  w i t h o u t  an  anode glow p r e s e n t .
A t e s t  was however i n c o r p o r a t e d  i n t o  t h e  com puter  p rogram  w hich  a n a ly s e d  o u r
e x p e r im e n ta l  r e s u l t s  i n  te rm s  o f . t h e  t h e o r y .  I n  t h e  few c a s e s  when an anode
glow was o b s e rv e d  th e  c o n d i t i o n  4 .3 6  was found  to  be b ro k e n  a l s o .
4 .7  O v e r - v o l t a g e  and th e  F o rm a t iv e  Time f o r  t h e  Glow
The e x p r e s s i o n  4 .8  d e r i v e d  i n  S e c t i o n  4 .2  can be e x te n d e d  t o
i n c l u d e  th e  f i n i t e  t im e ,  t , t h a t  t h e  d i s c h a r g e  t a k e s  to  s t r i k e .  The s t r i k e
v o l t a g e  Vg i t s e l f  can be d e r i v e d  from t h i s  e x p r e s s i o n  by s im p ly  s u b s t i t u t i n g
th e  f o l l o w in g  v a lu e s  H = H , ,  s = 1 and f  = d .  ry' = q i s  th e n  th e  r o o t  o fd s
t h e  f o l l o w in g  e q u a t i o n :
Ho A1
Hd
1 + —  
"ak. J
= exp 4 .3 8
w here V = H, q s d s , and H , = Nd a 4 .3 9
However, t h e  t im e  to  breakdow n would be i n f i n i t e  i f  a  v o l t a g e  o f  m e r e ly  Vg 
w ere  a p p l i e d .
A s im p le  m ethod o f  d e r i v i n g  t h e  f o rm a t iv e ,  t im e  l a g  i s  t o  c o n s id e r  
t h e  p r o c e s s e s  o f  e q u a t i o n s 4 .4  to  o c c u r  i n  s t a g e s  d e te rm in e d  by  th e  s lo w e s t  
o f  t h e  im p o r ta n t  fe e d b a c k  p r o c e s s e s ,  nam ely  th e  f e e d b a c k  o f  t h e  i o n s .  D u r in g  
e v e ry  io n  t r a n s i t  t im e  t h e  c u r r e n t  w i l l  b u i l d  up from  a v a lu e  I  to  ^1 . 
H ere  we d e a l  w i t h  c u r r e n t s  r a t h e r  t h a n  c u r r e n t  d e n s i t i e s  b e c a u s e  t h e  sp a ce  
c h a rg e  h a s  n o t  y e t  d e v e lo p e d  s u f f i c i e n t l y  to  g iv e  a n e g a t i v e  r e s i s t a n c e .  We 
suppose  a  v a lu e  o f  I- i s  n eed ed  b e f o r e  t h i s  can h a p p e n .  We r e - w r i t e  e q u a t io n s
4 .4  as  f o l lo w s  f o r  t h e  r ^  t r a n s i t  o f  i o n s :
1 = 1  + 1 ; 1 = 1 expr  r  r  ’ r  r  o
x
a '  dx
4 .4 0
r+1 oI  (1 + 3 ' / q )  = Yi l + + y0 I  ; i t  = U  ;n 'l]r o * -r r v r
E l i m i n a t i n g  th e  c u r r e n t s  a s  b e f o r e  we o b t a i n :
a ' d  = K(1 + 3 /q )  + l n C ^ I ^ I ) 4 .4 1
We w r i t e  f o r  b r e v i t y  t h e  m u l t i p l i c a t i o n  e x p o n e n t  M(q) such  t h a t :
‘d = M(q) = GNd |  exp ( -  vho Al) “  1 /P  j 4 .4 2
N.B. F o r  t h e  s t r i k e  v o l t a g e  q = qg , 1 = 1r
M(n ) = K ( l  + 6 /n  )s s
4 .4 3
I f  th e  i n i t i a l  p r im in g  c u r r e n t  i s  I  and t h e r e  a r e  m t r a n s i t  t im es  o f  th e
io n s  o f  t im e  x ,  b e f o r e  t h e  c u r r e n t  b u i l d s  up t o  a  s t r i k e - o n s e t  v a lu e  o f  d
I  th e n  th e  t im e  t a k e n  from  when a f i e l d  q > q i s  a p p l i e d  i s :  m s
x = mx, = x ,  a a
I n m
M(q) -  M(qg) 4 .4 4
x^ i s  t h e  w e ig h te d  mean o f  t h e  io n  t r a n s i t  t im e s  t h u s :
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i x l + dx
T,  - . 119 . . .  --------  ' 4 . 4 5
v J a  I  dxJ o
The c a l c u l a t i o n  can  be  c a r r i e d  o u t  on t h e  s i m p l i f i c a t i o n  t h a t  t h e  i o n i z a t i o n  
i s  u n i fo rm  and y i e l d s :
d 1+ vV
2(M -  1) exp M -  
. 2M(exp M -  M -  1) 4 .4 6
The v a lu e  o f  t h e  s q u a re  b r a c k e t  i n  4 .4 6  i s  n e a r  u n i t y  and > 0 . 8  f o r
M > 4 and does  n o t  change r a p i d l y  w i t h  M. Thus a p l o t  o f  exp - / p  / n  a g a i n s t
1 . . . °
 ------------ yields a straight line whose intercept indicates the stnk£ field
T / P / P 0 '
n /n  . F o r  t h i s  p u rp o se  p = C m ust be  known. F o r  neo n , f o r  i n s t a n c e
S °  2 (38)C=17.or"v/cm t o r r j  , s e e  f o r  i n s t a n c e  A. L . Ward . However, M i s  g e n e r a l l y
I
q u i t e  l i n e a r  w i th  V so i t  s u f f i c e s  to  p l o t  V a g a i n s t  1 / tV2 . Such p l o t s  a r e  
shown i n  C h a p te r  6 .
4 .8  Sw eep-ou t and E x t i n c t i o n  Times o f  t h e  Glow
I f  t h e  a p p l i e d  v o l t a g e  i s  d ropped  a  few v o l t s  be low  t h e  e x t i n c t i o n
v o l t a g e  th e n  th e  c u r r e n t  d ecay s  i n  an a n a lo g o u s  way to  w hich  i t  b u i l d s
up u n t i l  t h e  e x t i n c t i o n  c u r r e n t  I i s  r e a c h e d .  The t im e  t a k e n  depends  on
l n ( I , / T  ) w here I ,  i s  t h e  s t a n d i n g  c u r r e n t  a t  V, . However, t h e  glow s w i tc h e s  
b e  b d ,
i t s e l f  o u t  v e r y  r a p i d l y ,  p r o b a b ly  w i t h i n  an io n  t r a n s i t  t im e  a s  soon  a s  
t h i s  p o i n t  i s  r e a c h e d  and does  n o t  r e - l i g h t  u n t i l  a  v o l t a g e  c o m p a rab le  t o  
Vg i s  a p p l i e d  a g a in .  The io n s  whose s p a c e - c h a r g e  m a i n t a i n s  t h e  p o t e n t i a l  
d i s t r i b u t i o n  i n  t h e  c a th o d e  f a l l  a r e  sw ept o u t  o f  t h e  c e l l  t o  t h e  c a th o d e  
more r a p i d l y  a t  a v o l t a g e  s l i g h t l y  low er  th a n  Vg th a n  i f  t h e  v o l t a g e  w ere  
removed a l t o g e t h e r .  I n d e e d ,  t h e r e  i s  a  v o l t a g e  w here  th e  r a t e  o f  sw e e p -o u t  
l e s s  th e  r a t e  o f  g e n e r a t i o n  o f  th e  io n s  i s  a  maximum. T h is  can  be  d e te r m in e d  
e x p e r i m e n t a l l y  by m e a s u r in g  th e  r e - s t r i k e  v o l t a g e .  A g a in ,  t h i s  i s  i l l u s t r a t e d  
i n  C h a p te r  6 .  I f  t h e  v o l t a g e  i s  removed a l t o g e t h e r  th e n  th e  i o n i z a t i o n  d e c ay s  
by two p r o c e s s e s ,  d i f f u s i o n  to  t h e  w a l l s  and by r e c o m b in a t io n  i n  t h e  volume 
o f  t h e  g a s ,  a s  m e n t io n e d  i n  C h a p te r  3 . The l a t t e r  i s  th e  more i m p o r t a n t  a t  
Nb v a lu e s  w hich  c o r r e s p o n d  to  t h e  p lasm a  p a n e l s  d e s c r i b e d  h e r e .  How ever, t h e r e  
i s  n e a r l y  a lw ays  a s t a n d i n g  v o l t a g e  a p p l i e d  to  th e  tu b e s  o f  a t  l e a s t  100 v o l t s  
e v en  when th e  l a r g e s t  e x t i n c t i o n  p u l s e  i s  a p p l i e d .  Thus f o r  t h e  e x t i n c t i o n  
p r o c e s s  c u r r e n t  decay  and "sweep o u t " ,  th e  two dom inan t  p r o c e s s e s ,  a r e  t h e  o n ly  
ones  we need c o n s i d e r .
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5. THE EXPERIMENTAL APPARATUS
5 .1 .  I n t r o d u c t i o n
• I n  t h i s  c h a p te r  we d e s c r i b e  t h e  c o n s t r u c t i o n  and p r o c e s s i n g  o f  th e  
e x p e r im e n ta l  p a n e l s  and th e  a p p a r a tu s  u se d  i n  m aking th e  v a r i o u s  m e a su re ­
m e n ts .  Extrem e p u r i t y  o f  t h e  g a s  f i l l i n g  i s  e s s e n t i a l  and h ig h  vacuum 
p r o c e d u r e s  m ust  be fo l lo w e d  th ro u g h o u t  t h e  pum ping, bake  o u t ,  gas  f i l l i n g  
and m easurem ent s t a g e s .  The p u r i t y  o f  t h e  gas  may be  t e s t e d  w i th  an i n b u i l t  
mass s p e c t r o m e te r  a t  a l l  s t a g e s  p r i o r  t o  s e a l i n g  o f f  t h e  p a n e l s .  To e n s u re
c l e a n l i n e s s  and r e p r o d u c i b i l i t y ,  p a n e l s  w ere  g e n e r a l l y  ru n  c e l l  by  c e l l  a t  a
2c u r r e n t ' d e n s i t y  o f  r4LA/cm and a t  ^100 t o r r  g a s  p r e s s u r e  f o r  p e r i o d s  o f  a 
few h o u rs  and th e  gas  renew ed p r i o r  to  t h e  f i n a l  m easu rem en ts  b e in g  t a k e n .  
T h is  p r o c e s s  i s  known as  S c r e e n i n g 1 and e n s u re s  t h e  rem oval o f  t r a c e s  o f  
gas i m p u r i t i e s  a d s o rb e d  on t h e  i n n e r  s u r f a c e s  o f  t h e  vacuum v e s s e l  and on 
th e  c a th o d e  and anode e l e c t r o d e s .  S l i g h t  s p u t t e r i n g  o f  t h e  c a th o d e  a l s o  
n a rro w s  th e  c e l l  to  c e l l  s p re a d  i n  t h e  c h a r a c t e r i s t i c s  and i s  t h o u g h t  t o  
remove unwanted o x id e  o r  o t h e r  f i l m s  w hich  c o v e r  t h e  e l e c t r o d e s  s u r f a c e s  
when th e  p a n e l s  a r e  f i r s t  mounted and r u n .
5 . 2 .  P a n e l  C o n s t r u c t io n
5 . 2 . 1 .  T e s t  Tubes f o r  D i f f e r e n t  Cathode M a t e r i a l s
Not o n ly  p a n e l s  b u t  a l s o  a number o f  e x p e r im e n ta l  t e s t  tu b e s  w ere  
c o n s t r u c t e d  f o r  p r e l i m i n a r y  m ea su rem e n ts .  I n  p a r t i c u l a r ,  n o v e l  c a th o d e  
m a t e r i a l s  w ere  i n v e s t i g a t e d  u s in g  tu b e s  such  a s  t h a t  shown i n  t h e  p h o to g ra p h  
o f  F ig u r e  17. T e s t  tu b e s  w i th  m u l t i  e le m e n ts  w ere  a l s o  c o n s t r u c t e d  such  as  
th o s e  shown i n  F ig u r e  18a and b .  They a l lo w e d  d i f f e r e n t  m a t e r i a l s  o r  
g e o m e t r ie s  to  be compared w i t h i n  th e  same w ork ing  e n v iro n m e n t .
The c o n s t r u c t i o n  o f  t h e s e  tu b e s  i s  p r o b a b ly  s e l f  e v i d e n t  from  th e  
p h o to g ra p h s .  The vacuum e n v e lo p e  was made o f  K o d ia l  g l a s s  and a l l  t h e  l e a d -  
th ro u g h s  o f  f e r n i c o  w hich  h a s  a c o m p a t ib le  e x p a n s io n  c o e f f i c i e n t .  D i s c h a r g e s  
were g e n e r a l l y  ru n  i n  t h e  abnorm al glow r e g i o n  o f  t h e  c h a r a c t e r i s t i c s  and so 
th e  c a th o d e s  had t o  be d e f in e d  u s in g  g l a s s  tu b e s  o f  d i f f e r e n t  geo m etry  a s  
r e q u i r e d ,  s e e  F ig u r e  18b. These  t u b e s  were a l s o  made o f  K o d ia l  g l a s s  and 
were f i x e d  i n  p l a c e  u s in g  an  a l u m i n a - s i l i c a t e  cement m ix t u r e .  T h is  cement 
was a l s o  u se d  to  c o v e r  t h e  b a r e  m e ta l  s u r f a c e s  o f  t h e  l e a d - th r o u g h s  w here 
th e y  m ig h t  o th e r w i s e  be exposed  t o  t h e  d i s c h a r g e  o r  e l s e  t o  f i x  g l a s s  t u b e s  
i n  p o s i t i o n  to  a c h ie v e  t h i s .  The anode was e i t h e r  a f e r n i c o  ro d  o r  a  gauze  
o f  n i c k e l  s p o t -w e ld e d  to  t h e  f e r n i c o  l e a d - t h r o u g h .
-  35 -
5 . 2 . 2 .  C athode M a t e r i a l s
I t  was soon e s t a b l i s h e d  t h a t  t h e  ro u g h n e s s  o f  t h e  c a th o d e  s u r f a c e
was an im p o r ta n t  p a r a m e t e r .  F o r  i n s t a n c e  a m e t a l l i c  n i c k e l  c a th o d e  had a
v a lu e  o f  K -  1 w h i le  b l a c k  n i c k e l  made by e v a p o r a t i o n  o f  a  c o a t i n g  o f  n i c k e l  
i n  an a rg o n  a tm o sp h e re  a t  5 t o r r  p r e s s u r e  had a  v a lu e  o f  K -  2 . S i m i l a r  
e x p e r im e n ts  w ere  c a r r i e d  o u t  w i t h  p u re  c a rb o n  o f  d i f f e r e n t  t e x t u r e s  o b t a i n e d  
from  Le C arbonne , t h e  F re n c h  company. P y r o l i t i c  c a rb o n  h a s  a  g l a s s - l i k e  o r  
v i t r e o u s  s u r f a c e  compared w i t h  p ap y e x ,  t h e  p a p e r - l i k e  c a rb o n  w hich  w i t h  t h e  
g r a p h i t e  c a rb o n  b o th  have  ro u g h  s u r f a c e s  when v iew ed  u n d e r  t h e  e l e c t r o n  
m ic r o s c p p e .  These  m a t e r i a l s  had K v a l u e s  r a n g in g  from  3 t o  5 d e p e n d in g  on 
t h e  r o u g h n e s s .  Samples w ere  s tu c k  o n to  t h e  l e a d - t h r o u g h s  f o r  m easurem ent 
u s in g  a c o n d u c t in g  c a rb o n  cement ty p e  AN a l s o  s u p p l i e d  by Le C arbonne , w hich  
i s  n o rm a l ly  u se d  f o r  t h e  c a rb o n  e le m e n ts  i n  e l e c t r i c  a r c  f u r n a c e s .  The 
s im p l e s t  c a rb o n  s u r f a c e  w i t h  t h e  n e c e s s a r y  ro u g h n e s s  was a p a i n t e d  on c o a t ­
in g  o f  " a q u a d a g " .  T h is  i s  a  c o l l o i d a l  s u s p e n s io n  s u p p l i e d  by Acheson 
C o l l o i d s .  I t  h a s  e i t h e r  a  w a te r  o r  a l c o h o l  b a s e  and c o n t a i n s  p o ta s s iu m
/
s i l i c a t e  w hich  a c t s  a s  t h e  g lu e  when t h e  c o a t i n g s  have  been  l e f t  t o  d r y
i n  a i r .  S u b s e q u e n t ly  to  im prove a d h e s io n  t h e  l a y e r  may be  baked  up to
1000°C. The s u r f a c e  o f  t h i s  dag l a y e r  c o u ld  b e s t  be  d e s c r i b e d  a s  c o r n f l a k e  
l i k e  w i th  f l a k e s  o f  ^ 5 ym i n  s i z e .  V a lues  o f  K -  4 w ere  o b t a i n e d  w i th  
c a th o d e s  made i n  t h i s  way. A s e l e c t i o n  o f  m ic ro g ra p h s  o f  t h e  s u r f a c e  o f  
some o f  t h e  d i f f e r e n t  ca rb o n  c a th o d e  m a t e r i a l s  t r i e d  i s  shown i n  F i g u r e  19.
The tu b e  shown i n  F i g u r e  18 had aquadag  c a th o d e s  o f  d i f f e r e n t  
s i z e s .  The aquadag  was s p ra y e d  o n to  p r e p a r e d  d i s c s  o f  f d r n i c o .  T h re e  
c o a t i n g s  o f  a  v a r i e t y  1851-B were a p p l i e d  and  s e p a r a t e l y  baked  t o  1000°C 
f o r  30 m in u t e s .  The c a th o d e  a r e a s  o f  5 o u t  o f  t h e  6 c a th o d e s  w ere  o f  
d i f f e r e n t  d i a m e te r s  d e f i n e d  w i th  K o d ia l  g l a s s  tu b e s  o f  l e n g t h  3 mm.
The i n t e r n a l  d i a m e te r s  o f  t h e  tu b e s  were 1 .3 0 ,  2 . 3 5 ,  4 .5 0 ,  4 .5 0 ,  5 .8 0  and 
8 .0 0  mm. I t  was p o s s i b l e  w i t h  t h i s  tu b e  t o  e s t a b l i s h  t h e  dependence  o f  t h e  
’o n ’ o r  r u n n in g  c h a r a c t e r i s t i c s  on th e  Nb p r o d u c t  i n  t h e  abnorm al g low .
5 . 2 . 3 .  Wedge Shaped P a n e ls
However t o  e s t a b l i s h  t h e  c h a r a c t e r i s t i c s  w i t h  d i f f e r e n t  g e o m e try  
i t  became c l e a r  t h a t  tu b e s  o f  d i f f e r e n t  d e p th  w ere  a l s o  r e q u i r e d .  F o r  t h i s  
p u rp o se  a number o f  ’wedge1 p a n e l s  were m a n u f a c tu r e d .  These  had a wedge 
shaped  s p a c e r  p l a t e  made o f  l e a d  g l a s s ,  and had 4 rows o f  h o l e s  o f  d i f f e r e n t
d i a m e te r s  w i th  t h e  same d e p th  by 12 l i n e s  o f  h o l e s  o f  t h e  same d i a m e te r  b u t
d i f f e r e n t  d e p th s .  These  h o l e s  w ere  d r i l l e d  w i t h  an  u l t r a s o n i c  d r i l l  and
.- 36 -
t h e  h o le  s i z e s  w ere  m easu red  t o g e t h e r  w i th  t h e  p o s i t i o n  o f  t h e  h o l e  and th e  
a n g le  o f  t h e  wedge by means o f  a  t r a v e l l i n g  m ic r o s c o p e .  By t h i s  m ethod th e  
mean b o re  and d e p th  o f  e a ch  h o l e  c o u ld  b e  t a b u l a t e d  b e f o r e  t h e  p a n e l  was 
made up . The c o n s t r u c t i o n  o f  t h i s  ty p e  o f  p a n e l  i s  shown i n  F i g u r e  20.
The anode p l a t e  was made o f  0317 g l a s s  1 .3  mm t h i c k  s u p p l i e d  by  Dow-Corning 
and th e  c o n d u c t in g  l i n e s  and edge c o n n e c to r  p a d s  w ere  o f  s c r e e n  p r i n t e d  
s i l v e r  in k .  The p r i n t i n g  in k  was s u p p l i e d  by  E l e c t r o  S c ie n c e  L a b o r a t o r i e s  
and was f i r e d  a f t e r  a p p l i c a t i o n  and d r y in g  a t  t e m p e r a t u r e s  up t o  450°C 
a c c o r d in g  to  t h e  m a n u f a c t u r e r s  s t a n d a r d  s c h e d u le .  These  anode l i n e s  c o u ld  
be made a s  f i n e  a s  150 ym w ide  f o r  d i s p l a y s  b u t  i n  t h i s  p a r t i c u l a r  a p p l i c a ­
t i o n  were ^  300 ytii w id e .  The s i l v e r  i n k  made a good vacuum s e a l  t o  t h e  
s e a l i n g  f r i t  o f  enam el.  A s i m i l a r  t e c h n i q u e  was u sed  f o r  m aking th e  connec ­
t i o n  pads  f o r  t h e  c a th o d e  e l e c t r o d e s .  However w i t h i n  t h e  vacuum e n v e lo p e  
th e  c a th o d e  l i n e s  were o f  c a rb o n  "aq u ad ag "  ty p e  1851-B. T h is  was d e f in e d  
by means o f  a  d ry  f i l m  lam in a  ty p e  o f  p h o t o r e s i s t  c a l l e d  Dynachem w hich  i s  
f i r s t  i r o n e d  o n to  t h e  g l a s s  a s  a  t h i n  f i l m .  I t  i s  t h e n  d e f i n e d  by  e x p o s in g  
i t  t h ro u g h  a mask u s in g  u l t r a  v i o l e t  l i g h t  t o  h a rd e n  t h e  r e s i s t  a g a i n s t  a 
s o l v e n t ,  such  a s  g e n k le n e ,  w h e re v e r  t h e  c a rb o n  was n o t  w a n te d .  A f t e r  
d e f i n i n g  windows f o r  t h e  c a rb o n  t r a c k s  by t h i s  means t h e  c a rb o n  "dag"  i s  
th e n  s p ra y e d  on and a l lo w e d  to  d r y  b e f o r e  t h e  r e m a in in g  p h o t o r e s i s t  i s  
l i f t e d  o f f  i n  t h e  p r o p r i e t a r y  s t r i p p e r  s o l v e n t .  T h is  l e a v e s  t h e  c a rb o n  
t r a c k s  a d h e r in g  t o  t h e  g l a s s  and t h e  p l a t e  i s  s u b s e q u e n t ly  s to v e d  i n  vacuum 
a t  450°C f o r  an h o u r .  The r e s i s t a n c e s  o f  t h e  c a rb o n  t r a c k s  v a r i e d  b e tw een  
200 t o  300 Ohms t h e  w id th  was 600 ym and t h e  t h i c k n e s s  was be tw een  10 and 
15 ym a f t e r  t h i s  t r e a t m e n t .  The w hole  a s se m b ly  i s  s e a l e d  t o g e t h e r  u s in g  a 
C orn ing  enamel 7570 t o g e t h e r  w i t h  a  pumping s tem  made from  L92 g l a s s  a s  
shown i n  F ig u r e  20. The dependence  o f  t h e  s t r i k e  v o l t a g e s  on t h e  d e p th  and 
b o re  a c c o r d in g  to  a g e n e r a l i z e d  P a sc h en  c u rv e ,  F i g u r e  10, was e s t a b l i s h e d  
u s in g  a number o f  t h e s e  p a n e l s .  I t  was a l s o  n o te d  t h a t  t h e  r u n n in g  v o l t a g e s  
were v e r y  s i m i l a r  f o r  tu b e s  o f  t h e  same Nb p r o d u c t .  However t h e s e  p a n e l s  
s u f f e r e d  from  a s low  d r i f t  and h y s t e r e s i s  o f  t h e  c h a r a c t e r i s t i c s  w hich  was 
p r o b a b ly  due to  w a l l  c h a r g in g  e f f e c t s .  The s p a c e r  p l a t e  was a l s o  d i f f i c u l t  
and c o s t l y  to  make and t h e  h o l e s  c o u ld  n o t  be  d r i l l e d  u l t r a s o n i c a l l y  w i t h  
a c c u r a c y  g r e a t e r  t h a n  a b o u t  20%.
5 . 2 . 4 .  P a n e ls  w i th  Moulded G la s s  S p a c e r  P l a t e s
S p a c e r  p l a t e s  o f  moulded g l a s s  w ere  t h e r e f o r e  a l s o  t r i e d ,  u s in g  
c a rb o n  m oulds to  shape  t h e  c e l l u l a r  s t r u c t u r e .  T h is  t e c h n iq u e  p ro d u c e s
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c e l l s  o f  s q u a re  c r o s s  s e c t i o n  whose s i d e s  s lo p e  away v a r y i n g  a t  t h e  c a th o d e  
from  200 ym s q u a re  t o  800 ym a t  t h e  a node . The t h i c k n e s s  o f  t h e  p l a t e s  was 
^  600 ym so t h a t  t h e  c e l l s  made i n  t h i s  way w ere  r a t h e r  to o  s h a l lo w .  However 
th e  p a n e l s  had c h a r a c t e r i s t i c s  f r e e  from  d r i f t  and h y s t e r e s i s .  I t  was 
e s t a b l i s h e d  w i t h  t h e s e  c e l l s  t h a t  t h e  a r e a  a t  t h e  c a th o d e  i s  t h e  im p o r ta n t  
p a ra m e te r  so f a r  a s  t h e  "on"  c h a r a c t e r i s t i c s  a r e  c o n c e rn e d .  U n f o r t u n a t e l y  
w i th  t h e  m oulded - p la t e s  t h e  s u r f a c e  a ro u n d  t h e  c a th o d e  end o f  t h e  c e l l  t e n d e d  
to  c h ip  away and t h e  a r e a  h e r e  w ould v a r y  by a  f a c t o r  2 o v e r  a  s i n g l e  p l a t e .  
The c e l l s  were n o t  deep enough t o  g iv e  a u s e f u l  s w i tc h in g  v o l t a g e  gap be tw een  
V and V u n l e s s  up t o  t h r e e  s p a c e r  p l a t e s  w ere  m ounted on to p  o f  e a c h  o t h e r
S 6
"c h e v ro n "  f a s h i o n .  T h is  p ro v ed  t o  be  a d i f f i c u l t  o p e r a t i o n  t o  c o n t r o l  
d u r in g  th e  m a n u fa c tu re  b e c a u s e  t h e  p l a t e s  te n d e d  t o  move o u t  o f  a l ig n m e n t  
d u r in g  t h e  f i n a l  s e a l i n g  p r o c e s s .  To o b t a i n  a c c u r a t e  m easu rem en ts  o f  t h e  
c e l l  a r e a s  f o r  a n a l y s i s  a  X 10 s c a l e  p h o to g ra p h  o f  t h e  p l a t e  a f t e r  i t  had 
been  mounted i n  t h e  p a n e l  was t a k e n .  Such a p h o to g ra p h  i s  shown i n  F i g u r e  21 . 
The v a r i a t i o n  i n  c e l l  a r e a  a t  t h e  c a th o d e  can  be  c l e a r l y  s e en  a g a i n s t  t h e  
backg round  b l a c k n e s s  o f  t h e  c a rb o n  c a th o d e  t r a c k .  The anode l i n e s  a r e  1 mm 
a p a r to  T h e i r  s e p a r a t i o n  p r o v id e s  a  s c a l e  f o r  t h i s  p i c t u r e .  The l i n e s  on t h e  
anode p l a t e  w ere  o f  t h i n  f i l m  e v a p o ra te d  n i c k e l  chromium i n  t h i s  p a n e l ,  and
m ost o f  t h e  com ponents w ere  from  p a r t s  u se d  i n  t h e  p r o j e c t  to  i n c o r p o r a t e
. (3) . .i n d i v i d u a l  r e s i s t o r  i n  e ach  c e l l  . However t h i n  f i l m  t e c h n i q u e s  such  a s
t h i s  a r e  n o t  e a s y  to  employ o v e r  l a r g e r  a r e a s  b e in g  c o n f in e d  t o  d im e n s io n s  
o f  a  few in c h e s  s q u a r e .
5 . 2 . 5 .  P a n e l s  w i t h  A nodized  Aluminium S p a c e r  P l a t e s
A n o th e r  t e c h n iq u e  w hich  p ro v e d  u s e f u l  f o r  c o n s t r u c t i n g  e x p e r i m e n t a l
p a n e l s  f o r  t e s t  p u r p o s e s  was to  u s e  a s p a c e r  p l a t e  made from  a n o d iz e d
(52) . .a lum in ium . Esdonk and J a c o b s  r e p o r t e d  t h a t  i f  t h e  t h i c k n e s s  o f  a n o d iz in g
was c a r e f u l l y  c o n t r o l l e d  i n  r e l a t i o n  to  t h e  amount o f  t h e  r e m a in in g  a lum in ium
th e n  th e  l i n e a r  e x p a n s io n  c o u ld  be t a i l o r e d  t o  m atch  t h e  much lo w er  e x p a n s io n
- 7  .c o e f f i c i e n t  o f  g l a s s  1 0 0 .10  . I n  t h i s  way p l a t e s  up t o  250 ym deep w i th
a p p ro x im a te ly  50 ym o f  a n o d iz in g  c o u ld  be made, l i m i t e d  by t h e  amount o f  t h e  
a n o d iz in g  w hich  c o u ld  be form ed e l e c t r i c a l l y .  These  c o u ld  be  s e a l e d  b e tw een  
g l a s s  p l a t e s .  The p l a t e s  c o u ld  be e a s i l y  d r i l l e d  b e f o r e  a n o d iz i n g  u s in g  a 
n u m e r i c a l ly  c o n t r o l l e d  j i g - b o r e r .  H o les  a s  f i n e  a s  50 ym i n  d i a m e te r  c o u ld  
be made a l t h o u g h  a  u s e f u l  minimum s i z e  was ^  100 ym f o r  o u r  p u r p o s e .  One 
d i f f i c u l t y  was t h a t  w i th  v e r y  f i n e  h o l e s  t h e  anode l i n e s  t e n d e d  t o  o b s c u re  
t h e  g low. T h is  d i f f i c u l t y  does n o t  a r i s e  o f  c o u r s e  i f  t h e  anode  l i n e s  a r e
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d e f i n e d  i n  a  t r a n s p a r e n t  c o n d u c to r  such  a s  ind ium  t i n  o x id e .  T h is  h a s  been  
done b u t  n o t  a s  p a r t  o f  t h e  p r e s e n t  w ork . N o te  t h a t  t h e  anode m a t e r i a l  i n  
c o n t r a s t  to  t h e  c a th o d e  was found  t o  have  l i t t l e  o r  no m e a s u r e a b le  e f f e c t  
on t h e  c h a r a c t e r i s t i c s .  P a n e l s  w i t h  t h i s  c o n s t r u c t i o n  were v e r y  u s e f u l  f o r  
e x p e r im e n ta l  m easurem ent b u t  w ere  r a t h e r  to o  e x p e n s iv e  f o r  com m erc ia l  u s e .  
A t tem p ts  to  d e f i n e  t h e  h o l e s  by c h e m ic a l  e t c h i n g  th ro u g h  a r e s i s t  p a t t e r n  
w ere  n o t  v e r y  s u c c e s s f u l  i n  a c h i e v in g  a u n i fo rm  shape  i n  d e p th  and b o r e .
Many in g e n io u s  m ethods w ere  t r i e d .  I t  was d i s c o v e r e d  t h a t  a n o d iz in g  th ro u g h  
a r e s i s t  mask p ro d u ce d  much d e e p e r  and s t r a i g h t e r  h o l e s  w i th  l e s s  u n d e r  
c u t t i n g .  W ith  a  s u i t a b l e  e t c h  t h e  o x id e  a lo n e  c o u ld  be rem oved, l e a v i n g  a 
s t r a i g h t e r  h o l e  th a n  o b t a i n e d  by  a s t r a i g h t f o r w a r d  e t c h i n g  t e c h n i q u e .  The 
c a th o d e  a r e a  c o u ld  be  a c c u r a t e l y  d e f i n e d  by e t c h i n g  from  one s i d e  o n ly  f o r  
a s h o r t  t im e  w i t h  r e m a in in g  d e p th  b e in g  a c h ie v e d  by a l o n g e r  e t c h  from  th e  
o t h e r s i d e .  However, a l t h o u g h  t h e  r u n n in g  c h a r a c t e r i s t i c s  showed l e s s  s p re a d  
t h e  s p re a d  i n  t h e  s t r i k e  v o l t a g e s  u s in g  e tc h e d  a lum in ium  p l a t e s  was a lw ays  
to o  g r e a t .  A p h o to g ra p h  o f  an  e x p e r im e n ta l  a n o d iz e d  a lum in ium  p l a t e  250 ym 
t h i c k  w i th  s e t s  o f  d r i l l e d  h o l e s  100, 150, 200 and 300 ym i n  d i a m e te r  i s  
shown i n  F ig u r e  22.
5 . 2 . 6 .  P a n e l s  w i t h  P h o to fo rm  G la s s  S p a c e r  P l a t e s
P h o t o s e n s i t i v e  g l a s s e s  have  been  d e v e lo p e d  o v e r  t h e  l a s t  tw e n ty  
y e a r s  n o t a b l y  by P h i l i p s  i n  H o l la n d  and by C orn ing  i n  t h e  USA. These  g l a s s e s
can be c h e m ic a l ly  e tc h e d  i n t o  t h e  r e q u i r e d  fo rm s w i th  g r e a t  a c c u r a c y .  See
(53) . .S.D . S tookey  . The p r i n c i p l e  i s  to  d e v e lo p  a p r e f e r e n t i a l  e t c h i n g  r a t e
f o r  t h e  m a t e r i a l  t o  be removed o v e r  th e  m a t e r i a l  to  be l e f t  i n t a c t .
P r e f e r e n t i a l  r a t i o s  o f  a s  h ig h  a s  50 :1  can  be a c h ie v e d  by r e c r y s t a l l i z i n g  
th e  g l a s s  w here  i t  i s  to  be rem oved. The n e u c l e a t i o n  c e n t r e s  f o r  t h i s  
c r y s t a l l i z a t i o n  can  be p ro d u ce d  by a p h o to g r a p h ic  p r o c e s s  u s in g  u l t r a ­
v i o l e t  l i g h t  and a sm a l l  p e r c e n ta g e  o f  s i l v e r  i o n s  d i s s o l v e d  i n  t h e  g l a s s .
The p a t t e r n  o f  h o l e s  r e q u i r e d  i s  exposed  th ro u g h  a m e ta l  mask i n  c o n t a c t  
w i th  th e  g l a s s .  The g l a s s  i s  h e a t e d  and r e c r y s t a l l i s e s  w h e re v e r  i t  h a s  
been  exposed  to  th e  u l t r a - v i o l e t  r a d i a t i o n .  I t  i s  th e n  e tc h e d  away l e a v i n g  
long  s l i g h t l y  t a p e r e d  h o l e s .
A l th o u g h  a few s p a c e r  p l a t e s  were made h e r e  a s  d e s c r i b e d  above 
u s in g  g l a s s  b r o u g h t  i n  from  H o l la n d  t h e  p l a t e s  had t o  be  c u t  and p o l i s h e d  
from  th e  s o l i d  b l o c k .  I t  was t h e r e f o r e  d e c id e d  t o  im p o r t  p l a t e s  made to  
o r d e r  from  C o rn in g .  These p l a t e s  c o u ld  a l s o  be made i n  b l a c k e n e d  g l a s s  
w hich  was b e n e f i c i a l  f o r  t h e  l i g h t  c o n t r a s t  o f  t h e  d i s p l a y  when i t  was w o rk in g .
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A t y p i c a l  s e t  o f  p a r t s  i s  shown i n  F i g u r e  23. T h is  c o n s t r u c t i o n  m ethod was 
d e v e lo p e d  by J .  Sm ith  . A number o f  p l a t e s  w i th  d i f f e r e n t  a s p e c t  r a t i o  
were s u p p l i e d  and made i n t o  p a n e l s  b o th  f o r  e x p e r im e n ta l  t e s t s  and f o r  l i f e  
t e s t s  a s  p o s s i b l e  com m erc ia l  p a n e l s .  The e x p e r im e n ta l  r e s u l t s  and a n a ly s e s  
o f  t h e s e  p a n e l s  i s  d e s c r i b e d  i n  t h e  f o l l o w i n g  c h a p t e r s .  A c o m p le ted  w o rk in g  
p a n e l  w i t h  a  s t o r e d  m essage  d i s p l a y e d  due t o  Sm ith  i s  shown i n  F ig u r e  24 .
5 .3 .  The Vacuum System
5 . 3 . 1 .  The Pump Bench
The e x p e r im e n ta l  tu b e s  and p a n e l s  w ere  m ounted o n to  a  h ig h  vacuum 
pump bench  f o r  e x h a u s t i o n  and b a c k - f i l l i n g  w i th  t h e  w ork ing  g a s .  T h is  bench  
was s p e c i a l l y  c o n s t r u c t e d  t o  m a i n t a i n  t h e  h ig h  s t a n d a r d  o f  gas  p u r i t y  w h ich
i s  n e c e s s a r y  when a n a l y s i n g  gas  d i s c h a r g e  d e v i c e s .  Base p r e s s u r e s  b e t t e r
- 9  . .t h a n  10 t o r r  c o u ld  be  a c h ie v e d  w henever n e c e s s a r y .  F o r  t h i s  r e a s o n  a l l
p a r t s  o f  t h e  vacuum sy s te m  w ere  f a b r i c a t e d  from  s t a i n l e s s  s t e e l  e x c e p t  t h e  
g l a s s  m a n i f o ld  to  w hich  th e  pump s tem  o f  t h e  p a n e l s  were s e a l e d  and th e  
g l a s s  i n l e t s  t o  w hich  th e  gas  b o t t l e s  w ere  s e a l e d .  A l l  p a r t s  above th e  
work t a b l e  w hich  was made from  Syndan io  a s b e s t o s  c o u ld  be baked  up t o  250°C 
and a l l  o t h e r  vacuum p a r t s  up t o  150°C. B aking  was by means o f  e l e c t r i c a l  
e le m e n ts  w hich  c o u ld  be h in g e d  o u t  o f  t h e  way when n o t  i n  u se  a s  c o u ld  t h e  
oven c o v e r  i t s e l f  w hich  was l i g h t  enough t o  be moved by one man. T h is  was 
made w i t h  an o u t e r  s k in  o f  a lum in ium  and an i n n e r  s k in  o f  t h i n  s t a i n l e s s  
s t e e l  s u i t a b l y  i n s u l a t e d  from  e a c h  o t h e r  by means o f  fKao W ool1. A p h o to ­
g rap h  o f  t h e  bench  w i t h  t h e  c o v e r  removed and th e  h e a t i n g  e le m e n ts  h in g e d  
up o u t  o f  th e  way on th e  l e f t  i s  shown i n  F i g u r e  25 .
I n  t h e  c e n t r e  o f  t h e  bench  a t e s t  p a n e l  can  be  se en  w h i l e  u n d e r  
th e  bench  and t o  th e  l e f t  a r e  two o f  t h e  t h r e e  gas  b o t t l e s .  Neon Argon and 
Xenon g a s e s  c o u ld  be u se d  p u re  o r  i n  any d e s i r e d  c o m b in a t io n  w i t h o u t  con­
t a m in a t in g  t h e  p u r e  gas  i n  t h e  b o t t l e s .  The "p lum b ing"  l a y o u t  i s  shown i n  
F ig u r e  26 . The pumping sy s te m  c o n s i s t e d  o f  a  3 in c h  o i l  d i f f u s i o n  pump 
f i l l e d  w i th  s i l i c o n  705 o i l  w hich  was c o n n e c te d  v i a  a  4 in c h  l i q u i d  n i t r o g e n  
c o o le d  o i l  t r a p  t o  t h e  vacuum sys tem  above t h e  b e n c h .  A r o t a r y  pump was 
u se d  t o  b ack  o u t  t h e  d i f f u s i o n  pump. T h is  c o u ld  a l s o  be d i v e r t e d  t o  ro u g h  
o u t  t h e  sy s te m  o r  t h e  p a n e l  u n d e r  t e s t  a f t e r  i t  was f i r s t  s e a l e d  o n .  P a n e ls  
c o u ld  be baked  o v e r  n i g h t  o r  o v e r  a  w eekend, t h e r e f o r e  an  a u to m a t i c  sy s te m  
f o r  t o p p in g  up th e  l i q u i d  n i t r o g e n  l e v e l  i n  t h e  c o ld  t r a p  was n e e d e d .  T h is  
can  a l s o  be se en  i n  F ig u r e  25 and u s e s  a  5 g a l l o n  l i q u i d  n i t r o g e n  dewar 
s e e n  i n  t h e  l e f t  f o r e g r o u n d  o f  t h e  p i c t u r e .
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5 . 3 . 2 .  Gas H a n d l in g  and P r e s s u r e  M easurement
The g a s e s  u se d  w ere  s u p p l i e d  i n  2 .5  l i t r e  b o t t l e s  99.99% p u r e  by 
B.O.C. and w ere  f i l l e d  t o  one a tm o sp h e re  p r e s s u r e .  The b o t t l e s  w ere  s e a l e d  
o n to  g l a s s  i s o l a t i n g  v a l v e s  w h ich  w ere  p r o t e c t e d  w i t h  f i n e  s t a i n l e s s  s t e e l  
gauze  t o  p r e v e n t  any g l a s s  p a r t i c l e s  r e a c h in g  t h e  r e s t  o f  t h e  vacuum sy s te m  
when th e  g l a s s  i s o l a t i n g  p i p s  on t h e  gas  b o t t l e s  w ere  b r o k e n .  These  p i p s  
were b ro k en  o n ly  a f t e r  f i r s t  b a k in g  o u t  t h e  c o n n e c t in g  g l a s s  tu b e  o v e r n i g h t  
u s in g  h e a t i n g  t a p e s  w rapped a ro u n d  th e  c o n n e c t io n s  t o  e n a b le  a t e m p e r a tu r e  
o f  a b o u t  150°C t o  be r e a c h e d .  MD6 ty p e  o f  l e a k  v a l v e s ,  s u p p l i e d  by Vacuum 
G e n e r a to r s ,  a l lo w e d  a f i n e  c o n t r o l  o f  t h e  f lo w  o f  g a s  t o  t h e  m ix in g  cham ber. 
The p r e s s u r e  was m easu red  u s in g  a  m erc u ry  m anom eter w hich  was i s o l a t e d  from  
th e  m ain  vacuum s p a c e  by  t h e  f i n e  s t a i n l e s s  s t e e l  d iap h ra m  o f  an A t l a s  
c a p a c i t a n c e  m e a s u r in g  g auge . T h is  gauge m ea su res  t h e  c a p a c i t a n c e  o f  a  f i x e d  
p l a t e  t o  t h e  d iap h rag m . T h is  c a p a c i t a n c e  i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  
i n  p r e s s u r e  a c r o s s  t h e  d iaph ragm  and v a r i e s  a c c o r d in g  t o  t h e  d e f l e c t i o n  i t  
e x p e r i e n c e s .  I t  can  t h e r e f o r e  be u se d  a s  a  n u l l  gauge d e t e c t i n g  when th e  
p r e s s u r e  i n  th e  manometer arm i s  e q u a l  t o  t h e  p r e s s u r e  i n  t h e  s y s te m , i . e .  
no d e f l e c t i o n  on th e  d iap h rag m . I t  can  a l s o  be c a l i b r a t e d  a g a i n s t  t h e  mano­
m e te r  t o  r e a d  p r e s s u r e  d i r e c t l y  i n  p r o p o r t i o n  t o  t h e  m easu red  change i n  
c a p a c i t a n c e .  Both  m ethods w ere  u se d  a l t h o u g h  t h e  n u l l  m ethod was employed 
w henever an a b s o l u t e  m easurem ent was n e e d e d .  A n o th e r  r o t a r y  pump was 
p r o v id e d  to  e v a c u a te  t h e  manometer and z e ro  t h e  m e a s u r in g  s c a l e .  B o th  arms 
o f  t h e  m anom eter can  be  s e e n  l e f t  o f  c e n t r e  on t h e  s i d e  o f  t h e  bench  t o g e t h e r  
w i t h  two t a p s  f o r  t h e  e v a c u a t io n  and one t o  l e t  i n  c o n t r o l l e d  am ounts o f  a i r  
i n t o  th e  r e f e r e n c e  o r  d iaph ragm  s i d e  o f  t h e  m anom eter .  The m erc u ry  r e s e r v o i r  
b o t t l e  can be s e e n  m ounted i n  a  box n e a r  t h e  f l o o r  i n  t h e  p i c t u r e .
A lso  v i s i b l e  on t h e  r i g h t  o f  t h e  p i c t u r e  i s  t h e  e l e c t r o n i c  c o n t r o l
box f o r  t h e  mass s p e c t r o m e te r .  A m icrom ass ty p e  2A s p e c t r o m e te r  was f i t t e d  
w hich  c o u ld  m o n i to r  t h e  r e s i d u a l  gas  i n  t h e  sy s te m  a f t e r  and b e f o r e  bake  o u t  
o r  t e s t  t h e  p u r i t y  o f  t h e  g as  d u r in g  o p e r a t i o n  o f  t h e  p a n e l .  F o r  t h e  l a t t e r  
p u rp o se  a  f i n e  c a p i l l a r y  l e a k  tu b e  c o u ld  be  i n s e r t e d  up th e  pump stem  o f  t h e  
p a n e l  to  sam ple t h e  gas  i n  i t .
The o t h e r  i n s t r u m e n t s  a r e  s t a n d a r d .  An i o n i z a t i o n  gauge  head  ty p e
IOG 12 i s  mounted im m e d ia te ly  above ,the c o ld  t r a p  and n e x t  t o  t h e  mass
s p e c t r o m e te r  arm. Two P i r a n i  gauge heads  w ere  m ounted , one i n  t h e  b a c k in g  
l i n e  and th e  o t h e r  i n  t h e  r o u g h in g  l i n e .
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5 . 3 . 3 .  I n t e r l o c k i n g  P r o t e c t i o n  C i r c u i t s
The i o n i z a t i o n  gauge was i n t e r l o c k e d  t o  t h e  mass s p e c t r o m e te r  to  
p r e v e n t  i t  b e in g  s w i tc h e d  on u n l e s s  t h e  i o n i z a t i o n  gauge was w o rk in g .  The 
gauge i t s e l f  c a r r i e s  an  o v e r lo a d  p r o t e c t i o n  on th e  io n  c u r r e n t  w hich  s w i tc h e s  
i t s e l f  o f f  i f  t h e  io n  c u r r e n t  goes  beyond f u l l  s ca le !  d e f l e c t i o n .  The 
d i f f u s i o n  pump was s w i tc h e d  o f f  and th e  m a g n e t ic  v a lv e  c o n t r o l l i n g  t h e  b a c k ­
in g  l i n e  c lo s e d  t o  i s o l a t e  t h e  d i f f u s i o n  pump i f  t h e  b a c k in g  p r e s s u r e  r o s e  
above 150 ym Hg p r e s s u r e .  T h e re  was a l s o  an  i n t e r l o c k  w i th  t h e  oven te m p e ra ­
t u r e  c o n t r o l l e r  w hich  s u p p l i e s  t h e  c u r r e n t  t o  t h e  h e a t i n g  e le m e n ts  and con­
t r o l s  t h e  bake  o u t  t e m p e r a t u r e .  I f  t h e  p r e s s u r e  i n  t h e  b a c k in g  l i n e  r o s e  
to o  h ig h ,  t h e  bake  o u t  would s t o p .  I t  would a l s o  s to p  i f  t h e  oven c o v e r  was 
l i f t e d  up t o  expose  th e  h e a t i n g  e le m e n ts .  The oven c o n t r o l l e r  i s  v i s i b l e  i n  
t h e  to p  l e f t  c o r n e r  o f  t h e  p i c t u r e .
O th e r  c o n t r o l s  v i s i b l e  a r e  co n c e rn e d  w i th  t h e  m easurem ent and 
r e c o r d in g  o f  t h e  p a n e l s  c h a r a c t e r i s t i c s .  The o p e r a t i o n  o f  t h e s e  i n s t r u m e n t s  
w i l l  now be d e s c r i b e d .
5 . 4 .  M easurement and L ogging  o f  V -I  C h a r a c t e r i s t i c s
5 . 4 . 1 .  P r im in g  C u r r e n t
The n e c e s s i t y  o f  s u p p ly in g  a d e q u a te  p r im in g  to  a  d i s p l a y  c e l l  ha s  
been  e x p la i n e d  i n  s e c t i o n  3 . 5 .  M easurem ents o f  t h e  s t r i k e  v o l t a g e  
c h a r a c t e r i s t i c s  w i l l  u n d o u b te d ly  y i e l d  e r r o n e o u s  r e s u l t s  i f  t h i s  p o i n t  i s  
n e g l e c t e d .  I n  f a c t  t h e  amount o f  p r im in g  i s  n o t  a l l  t h a t  c r i t i c a l  i f  t h e
Townsend s t r i k e  v o l t a g e  i s  t o  be m ea su red .  I t  h a s  been  found  t h a t  f o r  c e l l s
sp aced  a p p ro x im a te ly  1 mm a p a r t  r e p r o d u c i b l e  v a l u e s  o f  t h e  s t r i k e  v o l t a g e  
a r e  a c h ie v e d  w i th  'v 10 yA o f  c o n t in u o u s  c u r r e n t  r u n n in g  i n  a  n e ig h b o u r in g  
c e l l .  However p r o v i s i o n  was made i n  t h e  e l e c t r o n i c  c i r c u i t r y  t o  v a r y  t h i s  
p r im in g  c u r r e n t  i n  t h e  r a n g e  0 -3 0  yA. The v o l t a g e  a v a i l a b l e  f o r  s t r i k i n g  
th e  p r im in g  d i s c h a r g e  was j u s t  s h o r t  o f  t h e  f u l l  HT v a lu e  600 v o l t s ,  a v a i l ­
a b l e  from  th e  power s u p p ly .  The c u r r e n t s  f o r  t h i s  and t h e  t e s t  c e l l  
m easu rem en ts  a r e  s u p p l i e d  by an  e l e c t r o n i c  c o n t r o l  c i r c u i t .  The c o m p le te  
c i r c u i t  i n  m odu la r  form  i s  shown i n  F ig u r e  27 . The c o m p o s i t io n  o f  t h e
i n d i v i d u a l  m odules i s  shown i n  F i g u r e s  28 a ,  b and c .
5 . 4 . 2 .  T e s t  C i r c u i t  w i t h  V o l ta g e  and C u r r e n t  C o n t ro l
Two c o n t r o l s  a r e  e s s e n t i a l  when m e a s u r in g  th e  V -I  c h a r a c t e r i s t i c s  
o f  g as  d i s c h a r g e  d e v ic e s .  The f i r s t  l i m i t s  t h e  v o l t a g e  d i f f e r e n c e  b e tw een
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t h e  anode and g ro u n d ,  w h ich  i s  v i r t u a l l y  t h e  p o t e n t i a l  o f  t h e  c a th o d e .  The 
second  l i m i t s  t h e  c u r r e n t  t h a t  can  be  drawn by t h e  an o d e .  As shown i n  
F ig u re  27 t h e  t e s t  and p r im in g  c e l l s  s h a r e  a  common c a th o d e  l i n e .  T h is  i s  
n e c e s s a r y  to  e n s u r e  t h a t  o n ly  t h e  c h o sen  c e l l s  a r e  s e l e c t e d .  However t h e  
sum o f  b o th  c e l l  c u r r e n t s  i s  m easu red  a c r o s s  t h e  1 .2  k  ohms s e n s i n g  r e s i s t o r  
i n  t h e  c a th o d e  c i r c u i t .  S in c e  t h e  p r im in g  c u r r e n t  p ro d u c e s  a  c o n s t a n t  o f f ­
s e t  i n  t h e  c e l l  c u r r e n t  i t  may be a d j u s t e d  o u t  by r e s e t t i n g  t h e  z e ro  o r  
s w i tc h in g  i t  o f f  a f t e r  t h e  t e s t  c e l l  s t r i k e s  u s in g  t h e  p r im in g  o n / o f f  s w i tc h  
p r o v id e d .  The v o l t a g e  d rop  a c r o s s  t h e  m e a s u r in g  r e s i s t o r  i s  2 .4  v o l t s  when 
th e  maximum c u r r e n t  o f  2 mA i s  drawn from  t h e  c u r r e n t  s o u r c e .  T h is  a p p e a r s  
i n  t h e  m easurem ent o f  t h e  c e l l  v o l t a g e  b u t  b e in g  l e s s  th a n  1% o f  t h e  minimum 
c e l l  v o l t a g e  i t  can  be  s a f e l y  n e g l e c t e d .  The c u r r e n t  s i g n a l  i s  u s e d  a s  
f o l l o w s .
I t  i s  c o n n e c te d  d i r e c t l y  i n t o  an  ( x ,y )  c h a r t  r e c o r d e r  t h e  i n p u t  
impedance o f  w hich  i s  h ig h  enough n o t  t o  a f f e c t  t h e  c a l i b r a t i o n .  T h is  
p r o v id e s  an a c c u r a t e  v i s u a l  r e c o r d  o f  t h e  c u r r e n t .  S i m i l a r l y  i t  may be 
c o n n e c te d  t o  a d i g i t a l  p a n e l  m e te r  w hich  may be  c a l i b r a t e d  ( a g a i n s t  an  
a c c u r a t e  c u r r e n t  s o u rc e )  t o  d i s p l a y  th e  a c t u a l  c u r r e n t  f lo w in g  i n  t h e  c e l l .  
The p a n e l  m e te r  i s  endowed w i t h  a  b i n a r y  c o d in g  o f  t h e  d e c im a l  d i s p l a y  (BCD 
o u t p u t ) . T h is  o u t p u t  i s  u sed  by a  d a t a  l o g g e r  to  r e c o r d  t h e  c u r r e n t  o n to  
p a p e r  t a p e  f o r  i n p u t  t o  a  com puter  f o r  a n a l y s i s .
C o n t ro l  o f  t h e  anode  v o l t a g e  and c u r r e n t  i s  r a t h e r  more com plex .
The c u r r e n t  i s  c o n t r o l l e d  by m odule  A i n  F i g u r e  27 . T h is  c o n s i s t s  o f  a  
s i n g l e  t r a n s i s t o r  c u r r e n t  s o u rc e  a s  shown i n  d e t a i l  i n  F ig u r e  28a . F in e  
a d ju s tm e n t  o f  t h e  c u r r e n t  i s  a c h ie v e d  by u s in g  a  h e l i c a l  p o t e n t i o m e t e r  t o  
change th e  b a s e  e m i t t e r  v o l t a g e .  However t h i s  t r a n s i s t o r  i s  a  low v o l t a g e  
one and r e q u i r e s  two h ig h  v o l t a g e  t r a n s i s t o r s  c o n n e c te d  be tw een  i t  and  t h e  
c e l l  e a ch  b i a s e d  t o  d rop  a b o u t  h a l f  t h e  r e m a in in g  v o l t a g e  be tw een  th e  power 
s u p p ly  and th e  c e l l .  Module B s u p p l i e s  t h i s  b i a s ,  s e e  F ig u r e  28b . I t  i§  
a l s o  u se d  t o  p r o v id e  t h e  c e l l  v o l t a g e  m e a s u r in g  s i g n a l  f o r  d i s p l a y  and 
r e c o r d i n g .  Two s i m i l a r  m odules  A and B a r e  u s e d  t o  c o n t r o l  t h e  p r im in g  
c u r r e n t .  The v o l t a g e  c o n t r o l  a l s o  u s e s  a  m odule B w hich  m o n i to r s  t h e  
r e q u i r e d  v o l t a g e  a s  s e t  on a n o th e r  h ig h  v o l t a g e  h e l i c a l  p o t e n t i o m e t e r  i n  t h e  
r a n g e  100-600 v o l t s .  The o u t p u t  from  t h i s  i s  u se d  t o  r e v e r s e  b i a s  a  d io d e  
on th e  anode o f  t h e  c e l l .  I f  however t h e  c e l l  v o l t a g e  s h o u ld  e x ceed  t h e  
v o l t a g e  s e t  on th e  p o t e n t i o m e t e r  th e n  th e  d io d e  becomes fo rw ard  b i a s e d  and  so 
b y p a s s e s  some o f  t h e  c e l l  c u r r e n t ,  r e d u c in g  th e  v o l t a g e  a c r o s s  t h e  c e l l  
u n t i l  i t  i s  e q u a l  t o  t h e  s e t  v o l t a g e .
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The h e l i c a l  p o t e n t i o m e t e r s  f o r  c o n t r o l l i n g  th e  t e s t  c e l l  c u r r e n t  
and v o l t a g e ,  t o g e t h e r  w i t h  t h e  p o t e n t i o m e t e r  and o n / o f f  s w i tc h  f o r  t h e  
p r im in g  c e l l  c u r r e n t ,  a r e  m ounted i n  a  rem o te  c o n t r o l  bo x .  T h is  can  be 
p l a c e d  n e a r  to  t h e  p a n e l  on t e s t  f o r  t h e  c o n v e n ie n c e  o f  t h e  e x p e r i m e n t e r .
The c o n t r o l  box can  be  se e n  on t h e  c e n t r e  o f  t h e  bench  i n  t h e  p h o to g ra p h  o f  
F ig u re  25 . I t  can  a l s o  be s e e n  i n  a  c l o s e - u p  p h o to g ra p h  o f  a  p a n e l  u n d e r  
t e s t ,  F ig u r e  29. The c i r c u i t  m odules  a r e  d e s c r i b e d  i n  more d e t a i l  i n  s e c t i o n
5 . 4 . 4 .  Two a d d i t i o n a l  c i r c u i t s  p r o c e s s  t h e  c e l l  v o l t a g e  s i g n a l  and p i c k  o u t  
i t s  maximum and minimum v a l u e s  r e s p e c t i v e l y  w henever i t  i s  o s c i l l a t i n g .  Any 
one o f  t h e s e  o u t p u t s  can  be  s e l e c t e d  by means o f  a  th re e -w a y  s w i tc h  i n s t e a d  
o f  t h e  d i r e c t  c e l l  v o l t a g e  s i g n a l .  They g iv e  an  i n d i c a t i o n  o f  t h e  v a l u e s  o f  
t h e  s t r i k e  and e x t i n c t i o n  v o l t a g e s  r e l e v a n t  t o  t h a t  p a r t i c u l a r  f r e q u e n c y  o f  
o s c i l l a t i o n .  The d i f f e r e n t i a t i o n  t im e  o f  t h e  c i r c u i t  i s  1 second  so t o  
c a t c h  th e  f u l l  a m p l i tu d e  o f  th e  o s c i l l a t i o n s  th e y  m ust have  a  much s h o r t e r  
t im e  p e r i o d  th a n  t h i s .  The s e l e c t e d  v o l t a g e  o u t p u t  i s  r e c o r d e d  on t h e  :(x ,y )  
r e c o r d e r  and a l s o  th ro u g h  th e  d i g i t a l  p a n e l  m e te r  i n  t h e  same way a s  t h e  
c u r r e n t .  I t  can th e n  be  sam pled s im u l ta n e o u s l y  and lo g g ed  w i th  t h e  c u r r e n t  
f o r  u se  by th e  c o m p u te r .  When th e  m easu red  c e l l  v o l t a g e  i s  o s c i l l a t i n g ,  
t h i s  w i l l  o c c u r  i f  t h e  im pedance h a s  a h ig h  enough n e g a t i v e  v a l u e  a s  f o r  
i n s t a n c e  i n  t h e  su b -n o rm a l  g low , t h e n  t h i s  f a c t  can  be  d e t e c t e d  by a n o th e r  
c i r c u i t ,  m odule C, w hich  i s  shown i n  d e t a i l  i n  F i g u r e  28c . T h is  c u r c u i t  
i s  u se d  t o  i n h i b i t  t h e  d a t a  l o g g e r  by s e n d in g  i t  a  s to p  s i g n a l .  I t  may 
a l s o  be u se d  to  l i f t  t h e  pen  on t h e  ( x ,y )  r e c o r d e r  a s  soon as  o s c i l l a t i o n s  
o c c u r  and w h i le  t h e  d i r e c t  c e l l  v o l t a g e  s i g n a l  i s  b e in g  p l o t t e d .  The n e g a ­
t i v e  im pedance i s  g r e a t e s t  a t  t h e  h i g h e r  g a s  d e n s i t i e s  and a t  t h e  lo w e r  
c u r r e n t  v a l u e s .  I t  was n o t  u n e x p e c te d  t h e r e f o r e  t h a t  t h i s  was a l s o  when 
o s c i l l a t i o n s  w ere  m ost p r e v a l e n t .  However o s c i l l a t i o n s  d id  n o t  a lw ays  o c c u r  
and th e  c e l l  c h a r a c t e r i s t i c s  c o u ld  som etim es be  fo l lo w e d  th ro u g h  t h e  n e g a t i v e  
impedance r e g i o n .  A d d i t i o n a l  c i r c u i t r y  was t h e n  r e q u i r e d  i f  a  m easurem ent 
o f  e i t h e r  t h e  r e s t r i k e  v o l t a g e  o r  t h e  a p p r o p r i a t e  e x t i n c t i o n  v o l t a g e  was 
n e e d ed .
5 . 4 . 3 .  The C u r r e n t  I n t e r r u p t
An a d d i t i o n a l  f a c i l i t y  e n a b le d  t h e  c e l l  c u r r e n t  to  be  s w i tc h e d  
o f f  a b r u p t l y .  I t  was o p e r a t e d  by a  TTL r e e d  r e l a y  a s  i s  shown i n  F i g u r e  2 7 .  
Not o n ly  does i t  s im u l a t e  t h e  e f f e c t  o f  t h e  n a t u r a l  o s c i l l a t i o n s  b u t  i t  a l s o  
a l lo w s  a c c u r a t e  t im e  m easu rem en ts  t o  be  made. S w itc h in g  i s  i n i t i a t e d  w i t h  a  
TTL s i g n a l  whose l o g i c  l e v e l  i s  1 , and t h e  c u r r e n t  w i l l  b e  r e s t a r t e d  by 
d ro p p in g  th e  TTL s i g n a l  b a c k  a g a in  t o  l o g i c  l e v e l  0 .  I t  i s  found  t h a t  t h e
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v o l t a g e  w i l l  t h e n  r i s e  t o  t h e  Townsend s t r i k e  v a lu e  and rem a in s  t h e r e  u n t i l  
t h e  c u r r e n t ,  h a s  r i s e n  a g a in  s u f f i c i e n t l y  f o r  s p a c e  change t o  become i m p o r t a n t .  
I t  t h e n  s u d d e n ly  d ro p s  b a c k  t o  t h e  ’o n ’ v a l u e .  C o n v e rs e ly  on s w i tc h  o f f ,  t h e  
v o l t a g e  rem a in s  a t  a  v a lu e  w here  a g a s  c u r r e n t  i s  j u s t  d e t e c t a b l e .  T h is  i s  
c lo s e  t o  t h e  v a lu e  w h ich  g iv e s  t h e  m ost e f f i c i e n t  f sweep out*  o f  t h e  c h a rg e s  
and hence  i s  a  m easu re  o f  t h e  v o l t a g e  s e t t i n g  f o r  t h e  f a s t e s t  e x t i n c t i o n .
5 . 4 . 4 .  D e s c r i p t i o n  o f  t h e  M easu r in g  C i r c u i t .M o d u le s
Two common p ro b lem s  a r i s e  i n  t h e  d e s ig n  o f  c i r c u i t s  t o  c o n t r o l  and
m easure  gas  d i s c h a r g e  d e v i c e s .  They have  t o  c o n t r o l  up to  600 v o l t s  w hich  i s
more t h a n  a s i n g l e  t r a n s i s t o r  can  w i t h s t a n d  and t h e y  a l s o  m ust p r o v id e  a  h ig h
c u r r e n t  g a i n ,  h ig h  impedance i n p u t  so a s  t o  a v o id  d r a i n i n g  a s i g n i f i c a n t
amount o f  c u r r e n t  from  t h e  c i r c u i t s  t h e y  a r e  i n te n d e d  to  m easu re  a n d /o r
c o n t r o l .  T hese  r e q u i r e m e n ts  a r e  in c o m p a t ib le  i n  a  s i n g l e  t r a n s i s t o r .  How-
(54)
e v e r  t h e  p ro b lem  h a s  b een  s o lv e d  by B.K. H e r b e r t  who u s e s  a  low v o l t a g e  
h ig h  g a in  t r a n s i s t o r  t o  p r o v id e  t h e  h ig h  i n p u t  im pedance b u t  a r r a n g e s  t h a t  
i t  sh o u ld  have  l i t t l e  more th a n  a v o l t  a c r o s s  i t .  T h is  i s  a c h ie v e d  by 
p r o v id i n g  a  power s o u rc e  w hich  f o l lo w s  t h e  i n p u t  s i g n a l  o v e r  t h e  f u l l  v o l t a g e  
sw ing . The d e s ig n  i s  b a s e d  on t h e  com plem entary  e m i t t e r  f o l l o w  p a i r  i n  
w hich  t h e  o u tp u t  f o l l o w s  t h e  i n p u t  i n  v o l t a g e  b u t  w i th  a  lo w e r in g  o f  t h e  
o u tp u t  im pedance o v e r  t h e  i n p u t  im pedance by t h e  p r o d u c t  o f  t h e  c u r r e n t  
g a in s  o f  b o th  t r a n s i s t o r s .  However, even th e  h ig h  v o l t a g e  t r a n s i s t o r s  
a v a i l a b l e  w i l l  w i t h s t a n d  o n ly  a  h a l f  o f  t h e  f u l l  V+ p o t e n t i a l  o f  600 v o l t s .  
T h e r e f o r e  two t r a n s i s t o r s  m ust be  d o u b led  up t o  s h a r e  o u t  t h e  v o l t a g e  
e q u a l l y  be tw een  them a t  a l l  t im e s .  These p r i n c i p l e s  a r e  a p p l i e d  i n  t h e  
c i r c u i t s  m odules  A and B.
Module A i s  shown i n  F ig u r e  28a . , I t  u s e s  as  t h e  c u r r e n t  s o u rc e  a 
pnp t r a n s i s t o r  ty p e  BCY71 w i th  two h ig h  v o l t a g e  t r a n s i s t o r s  ty p e  MPSU60 i n  
s e r i e s  w i t h  i t .  The b i a s  v o l t a g e s  f o r  t h e s e  t r a n s i s t o r s  a r e  s u p p l i e d  u s in g  
a  m odule ty p e  B d e s c r i b e d  be lo w . The 10 v o l t  p o t e n t i a l  f o r  t h e  h e l i c a l  
p o t e n t i o m e t e r  and th e  15 v o l t  p o t e n t i a l  f o r  t h e  c u r r e n t  s o u rc e  t r a n s i s t o r  
a r e  s u p p l i e d  by z e n e r  d io d e  c h a in s  n o t  shown i n  t h e  d ia g ra m .
Module B i s  shown i n  F ig u r e  28b . I t  c o n s i s t s  o f  a  c h a in  o f  f o u r  
h ig h  v o l t a g e  t r a n s i s t o r s ,  two on each  s i d e  o f  t h e  v o l t a g e  r a i l  s i n c e
t h i s  v o l t a g e  f o l lo w s  th e  i n p u t  v o l t a g e  and can  swing from  ground  t o  t h e  
f u l l  HT r a i l  v a l u e .  B oth  t h e  i n p u t  im pedances t o  t h e  m odule and t o  t h e  
c h a in  o f  t r a n s i s t o r s  m ust b e  h i g h .  T h is  i s  t o  a v o id  t h e  m e a s u r in g  c i r c u i t  
a f f e c t i n g  th e  m easurem ent and to  m a i n t a i n  an  a c c u r a t e  d i v i s i o n  o f  t h e
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a p p l i e d  v o l t a g e  be tw een  t h e  t r a n s i s t o r  p a i r s  w i t h o u t  t a k i n g  an e x c e s s i v e l y  
l a r g e  c u r r e n t  down t h e  p o t e n t i a l  d i v i d i n g  r e s i s t o r  c h a in  o r  from  th e  o u tp u t  
s i g n a l .  The r e s i s t o r  c h a in  i s  made up o f  f o u r  by one megohm r e s i s t o r s  .two 
on e i t h e r  s i d e  o f  t h e  r a i l .  High g a in  low v o l t a g e  npn t r a n s i s t o r s  ty p e
BC109 p i c k  o f f  t h e  a p p r o p r i a t e  m id - v a lu e  p o t e n t i a l s  and f e e d  them to  t h e  
b a s e s  o f  t h e  two i n n e r  t r a n s i s t o r s  i n  t h e  c h a in .  The low v o l t a g e  t r a n s i s t o r s  
move up apd down i n  p o t e n t i a l  a lo n g  w i t h  t h e  b a s e  p o t e n t i a l  o f  t h e  h ig h  
v o l t a g e  t r a n s i s t o r s  t h e y  c o n t r o l  t h e i r  c o l l e c t o r - v o l t a g e  b e in g  s u p p l i e d  by 
th e  v o l t a g e  d rop  a c r o s s  fo rw a rd  b i a s e d  d i o d e s  i n  s e r i e s  w i th  t h e s e  h ig h  
v o l t a g e  t r a n s i s t o r s .  The t r a n s i s t o r  a t  t h e  to p  o f  t h e  c h a in  a c t s  a s  a 
c u r r e n t  s o u rc e  b e c a u s e  i t  h a s  an  e m i t t e r  r e s i s t a n c e  and a f i x e d  b a s e  
p o t e n t i a l .  T h is  i s  a g a in  s u p p l i e d  by a z e n e r  d io d e  c h a in  n o t  shown. The 
r e s t  o f  t h e  c h a in  a c t s  l i k e  a  s im p le  e m i t t e r  f o l l o w e r  b u t  h a s  a  v a r i a b l e  
im pedance . T h is  a l lo w s  th e  v o l t a g e  to  sw ing t o  w i t h i n  a few v o l t s  o f  t h e  
HT r a i l .
I t  i s ,  how ever, a s  m en t io n e d  i n  t h e  i n i t i a l  d e s c r i p t i o n  a com­
p le m e n ta ry  p a i r  o f  e m i t t e r  f o l l o w e r s .  The i n p u t  t r a n s i s t o r s  a l l  drawn on 
t h e  l e f t  o f  t h e  p o t e n t i a l  d i v i d e r  c h a in  a r e  ty p e  npn . The h ig h  v o l t a g e  
t r a n s i s t o r s ,  o f  w hich  t h e s e  a r e  a  p a i r  o f  ty p e  MPSU10 w i t h  one a g a in  a c t i n g  
a s  a c u r r e n t  s o u r c e ,  c o n s t i t u t e  o n ly  t h e  b o t to m  h a l f  o f  t h e  npn e m i t t e r  
f o l l o w e r  c h a in .  The to p  o f  t h e  c h a in  i s  form ed by t h e  h ig h  im pedance  in p u t  
c i r c u i t  u s in g  h ig h  g a in  low v o l t a g e  npn t r a n s i s t o r s  o f  ty p e  BC109 c o n n e c te d  as  
a  D a r l i n g t o n  p a i r .  A gain  t h e i r  c o l l e c t o r  v o l t a g e  i s  p ro v id e d  by d i o d e s ,  
two t h i s  t im e  b e c a u s e  o f  t h e  two t r a n s i s t o r s ,  i n s e r t e d  i n  t h e  c o m p lim e n ta ry  
pnp e m i t t e r  f o l l o w e r  s i d e .  Now t h e  c i r c u i t  i s  a l l  b u t  c o m p le te  e x c e p t  t h a t  
t h e  c u r r e n t  t a k e n  a t  t h e  mid p o i n t s  o f  t h e  p o t e n t i a l  d i v i d e r  c h a in  can  be  
enough to  u p s e t  t h e  e q u a l  d i v i s i o n  o f  p o t e n t i a l " .  However e q u a l  and  o p p o s i t e  
c u r r e n t s  a r e  needed  by th e  two t r a n s i s t o r  c h a in s  and a t  p o i n t s  w i th  a  con­
s t a n t  p o t e n t i a l  d i f f e r e n c e  be tw een  them. T h is  th e n  can be  p r o v id e d  by 
c o n n e c t in g  t h e  two p o i n t s  t o g e t h e r  th ro u g h  t h e  a p p r o p r i a t e  r e s i s t a n c e .  A 
v a lu e  o f  5 .6  megohms p ro v ed  t o  be t h e  r i g h t  v a lu e  h e r e .  Thus m odule  B 
p r o v id e s  t h r e e  o u t p u t s  V (= and t h e  m id - p o in t  p o t e n t i a l s  \ and
l (V +- V  ) w h ich  i t  a l s o  u s e s  i n t e r n a l l y  i t s e l f .  z o u t
Module C w hich  d e t e c t s  when th e '  c e l l  o s c i l l a t e s  and s w i tc h e s  t h e  m e a s u r in g  
a p p a r a tu s  a c c o r d in g l y  i s  c o m p a r a t iv e ly  s t r a i g h t  f o rw a r d .  A D a r l i n g t o n  p a i r  
a m p l i f i e s  any o s c i l l a t i o n s  w i th  a  p e r i o d  s h o r t e r  t h a n  ^  1 msec and t h e  s i g n a l  
i s  d e t e c t e d  by a two c a p a c i t y  v o l t a g e  d o u b l in g  c i r c u i t  and u se d  t o  s w i tc h  a 
r e e d  r e l a y  f o r  u s e  by t h e  d a t a  l o g g e r .  I t  can  a l s o  p r o v id e  a s h o r t  c i r c u i t
f o r  t h e  pen  l i f t  on t h e  c h a r t  r e c o r d e r .  The pen  i s  down when th e  pen  v o l t a g e  
o f  -36  v o l t s  i s  s h o r t e d  and up o t h e r w i s e .  The co m p le te  c i r c u i t  i s  shown i n  
F ig u r e  28c.
5 . 4 . 5 .  The D ata  Logger
A p h o to g ra p h  o f  t h e  d a t a  l o g g e r  i s  shown i n  F ig u r e  30 and a
schem atic ,  d iag ra m  o f  t h e  l a y o u t  i s  shown i n  F ig u r e  31 . The c u r r e n t ,  I ,  and
th e  v o l t a g e ,  V, s i g n a l s  a r e  e a ch  p a s s e d  t o  an  A nalogue D ev ices  d i g i t a l  p a n e l
-7m e te r  (DPM) ty p e  2004/E .  One m e te r  was c a l i b r a t e d  t o  r e a d  I  i n  10 amp u n i t s ,  
t h e  o t h e r  V i n  v o l t s .  F o r  r e c o r d i n g  4 d i g i t s  o f  t h e  c u r r e n t  m e te r  w ere  u se d  
and t h r e e  o f  t h e  v o l t a g e  m e te r .  These  d i g i t s  w ere  punched  o n to  p a p e r  t a p e  f o r  
in p u t  t o  an  ICL 1904s m ain  fram e com pu te r .  W ith  t h e  h o ld  l i n e  h e ld  a t  l o g i c  
'O ' t h e  two DPMs c o u ld  be t r i g g e r e d  w i th  a  p u l s e ,  l o g i c  ' 1 '  to  ' O ' ,  t o  b e g in  
c o n v e r s io n  o f  t h e i r  r e s p e c t i v e  a n a lo g u e  s i g n a l s  s i m u l t a n e o u s l y .  A s t a t u s  
s i g n a l ,  l o g i c  l e v e l  'O ' ,  i n d i c a t e d  t h a t  c o n v e r s io n  was c o m p le te d .  When b o th  
DPMs were r e a d y  r e c o r d in g  c o u ld  b e g in .  A maximum speed  o f  6 c o n v e r s io n s  p e r  
second  was p o s s i b l e  f o r  t h e  DPMs u s in g  an e x t e r n a l  t r i g g e r .  4 b i t s  o f  b i n a r y  
d a t a  o u t p u t  w ere  a v a i l a b l e  from  e ach  d i g i t .  To c o n v e r t  t o  t h e  s t a n d a r d  ASCI2 
code t h r e e  e x t r a  b i t s  were added  e q u i v a l e n t  t o  t h e  h e x a d ec im a l  a d d i t i o n  o f  
+30H. The b i n a r y  b i t s  f o r  t h e  c h a r a c t e r s  w ere  each  s w i tc h e d  by a  m u l t i p l e x e r ,
7 i n  a l l ,  f o r  r e c o r d in g  i n  t h e  f o l l o w i n g  s e q u e n c e : -
4 d i g i t s  o f  I
2 s p a c e s ,  e q u i v a l e n t  o f  20H
2 d i g i t s  o f  V
1 l i n e  f e e d ,  e q u i v a l e n t  o f  0AH 
Note e i t h e r  l i n e  f e e d  (0AH) o r  2 s p a c e s  (20H) c o u ld  be  u se d  to  s e p a r a t e  t h e  
two numbers b u t  t o  a v o id  a m b ig u i ty  t h e  s im u l ta n e o u s  r e a d i n g s  o f  I  and V w ere  
r e c o r d e d  on th e  same l i n e .  T h is  sequence  o f  t e n  to o k  up p o s i t i o n s  0 t o  9 o f  
a  sequence  c o u n t e r ,  a  0 t o  15 b i n a r y  c o u n te r .  T h is  l e f t  room f o r  a n o t h e r  
number i f  r e q u i r e d  ( o f  2 s p a c e s  and 3 d i g i t s ) . A n o th e r  DPM was a l s o  a v a i l ­
a b l e  f o r  r e c o r d i n g  t h e  p r e s s u r e  e t c . ,  however i n  t h e  e v e n t  i t  p ro v e d  e a s i e r  
to  ty p e  i n  by hand t h i s  k in d  o f  i n f o r m a t io n  w hich  i s  changed  c o m p a r a t i v e l y  
s lo w ly  t o g e t h e r  w i th  th e  h e a d in g s  f o r  t h e  c h a r a c t e r i s t i c s .  The o u t p u t  from  
th e  k e y b o a rd  and th e  c o n t r o l  c h a r a c t e r  k eys  was r e s e r v e d  f o r  p o s i t i o n  15, 
th e  s e t  p o s i t i o n  o f  t h e  se q u en c e  c o u n te r ,  SC. T h is  was t h e  s t a n d - b y  p o s i t i o n  
t o  w hich  th e  c o u n te r  r e t u r n e d  a f t e r  e ach  d a t a  r u n .  However d u r in g  a r u n  o f  
d a t a  r e c o r d in g ,  t h e  end o f  t h e  second num ber, p o s i t i o n  10 , was d e t e c t e d  and 
u se d  t o  r e t u r n  th e  c o u n te r  to  p o s i t i o n  0 ,  t h e  r e s e t  p o s i t i o n  RSC. The t a p e -
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punch used  was a D a ta  Dynamics Model 1133 c a p a b le  o f  p u n c h in g  up t o  46 
c h a r a c t e r s  p e r  s e c o n d .  I t  was e q u ip p e d  w i th  a f u l l  ’h a n d - s h a k i n g 1 i n t e r f a c e  
r o u t i n e  f o r  d a t a  t r a n s f e r  ( i . e .  -  c e n t r o n i c s  c o m p a t ib le  i n t e r f a c e ) .
To m a i n t a i n  a  v i s u a l  r e c o r d  o f  t h e  l a s t  few c h a r a c t e r s  w h ich  had 
been  punched  on th e  t a p e  a  16 c h a r a c t e r  a lp h a - n u m e r ic  d i s p l a y  p a n e l  was a dded . 
T h is  u se d  a  B urroughs  s e l f - s c a n  d i s p l a y  model SSD 1000-0061 . The c h a r a c t e r s  
e n t e r e d  t h e  d i s p l a y  from  r i g h t  t o  l e f t  and a b a c k - s p a c e  f a c i l i t y  w hich  
s h i f t e d  t h e  c h a r a c t e r s  o f f  t h e  r i g h t  hand  m a rg in  c o u ld  be  u se d  t o  e d i t - o u t  
e r r o r s .  Up t o  32 c h a r a c t e r s  w ere  remembered and c o u ld  a l s o  be  removed t h i s  
way by b a c k - s p a c in g  t h e  t a p e  t o g e t h e r  w i th  t h e  d i s p l a y  and th e n  o v e r  p u n c h in g  
i t  m a n u a l ly  w i th  t h e  ru b  o u t  k e y ,  c h a r a c t e r  (FFH), t h e  same number o f  
c h a r a c t e r s  a s  b a c k - s p a c e s .
The r a t e  o f  sa m p lin g  t h e  d a t a  c o u ld  be v a r i e d  up to  5 p o i n t s  p e r  
second w i th  a v a r i a b l e  o s c i l l a t o r  w hich  p r o v id e d  th e  i n i t i a t i n g  p u l s e s  f o r  
r e c o r d in g  e ach  I -V  d a t a  p o i n t .  T h is  p u l s e  t r i g g e r e d  t h e  DPMs s im u l t a n e o u s l y  
and when c o n v e r s io n  was c o m p le ted  r e c o r d i n g  o f  t h e  d a t a  b e g a n .  T h is  to o k  
p l a c e  a d i g i t  a t  a  t im e  w i t h  t h e  seq u en ce  c o u n te r  b e in g  advanced  e a c h  t im e  
a d a t a  a c c e p te d  s i g n a l ,  DA, had b een  r e c e i v e d  from  b o th  t h e  d i s p l a y  and t h e  
t a p e  punch . A d e la y  o f  2 y se co n d s  was a l lo w e d  f o r  t h e  c o u n te r  t o  s e t t l e  
down b e f o r e  t h e  d a t a  was s t r o b e d ,  RSTB, f o r  r e c o r d i n g  by th e  punch  and t h e  
d i s p l a y .  The punch  b e in g  a  m e c h a n ic a l  d e v ic e  to o k  t h e  l o n g e r  t im e  to  com­
p l e t e .  The o s c i l l a t o r  p u l s e s  p a s s e d  th ro u g h  a g a t e  c o n t r o l l e d  by a  f l i p -  
f lo p  whose s t a t e  c o u ld  be s w i tc h e d  from  t h e  c o n t r o l  k e y s .  T hese  w ere  
l a b e l l e d  ’F re e  Run’ , ’ S t o p ’ and ’ S i n g l e - S h o t ’ . They r e s p e c t i v e l y  opened  
th e  g a t e  t o  l e t  t h e  p u l s e s  th ro u g h  by s e t t i n g  t h e  f l i p - f l o p ,  s h u t  t h e  g a t e  
by r e s e t t i n g  th e  f l i p - f l o p  and l e t  a  s i n g l e  p u l s e  th ro u g h  by o p e n in g  th e  
g a t e  and a r r a n g i n g  t h a t  t h e  f i r s t  p u l s e  th ro u g h  c lo s e d  t h e  g a t e  a g a in  b e h in d  
i t .
B e s id e s  b a c k - s p a c e ,  d e l e t e ,  sp ace  and l i n e  f e e d ,  f r e e  r u n ,  s to p  
and s i n g l e  s h o t  t h e  o t h e r  c o n t r o l  key  f u n c t i o n  w ere  a s  f o l l o w s .  The 
t e r m i n a t o r  key  punched  a * c h a r a c t e r  on t h e  t a p e  w hich  i s  r e c o g n i s e d  by t h e  
com puter and i t  c l o s e s  t h e  d a t a  f i l e .  The ’End o f  T a p e ’ key  w h ich  p u nches  
t h e  TC4 c h a r a c t e r  and i s  u se d  to  s to p  t h e  t a p e  r e a d e r .  The ’ R un-O ut’ key  
w hich  i s  u se d  t o  punch  a s e r i e s  o f  n u l l  c h a r a c t e r s ,  w h i l e  i t  i s  d e p r e s s e d ,  
a t  t h e  b e g in n in g  and end o f  t h e  t a p e  w hich  makes f o r  e a s e  o f  h a n d l i n g .  Two 
keys  n o t  shown on t h e  d iag ra m  were a l s o  p r o v id e d  f o r  s t a r t i n g  and s to p p i n g  
th e  punch m o to r  l a b e l l e d nPunch 0nn andnPunch O f f " .
The method o f  r e c o r d in g  th e  d a t a  can  be  se en  i n  T a b le  I .  T h is
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shows an e x t r a c t  from  a t y p i c a l  r e c o r d .  The f i r s t  l i n e  IN :SCHLD4798, CP164C. 
opens th e  d a t a  f i l e  i n  t h e  com pute r  c a l l e d  CP164C i n  th e  u s e r  d i r e c t o r y  
SCHLD4798. A number o f  comments th e n  f o l lo w  w hich  w i l l  head  up th e  d a t a  f i l e  
u n t i l  t h e  c h a r a c t e r  * i s  e n c o u n te r e d .  At t h i s  p o i n t  t h e  p a ra m e te r  l i s t  f o r  
t h e  ru n  i s  g iv e n .  Each p a r a m e te r  s t a r t s  w i t h  a  l e t t e r  w hich  th e  com pute r  
u s e s  to  i d e n t i f y  t h a t  p a r t i c u l a r  p a ra m e te r  a c c o r d in g  to  th e  l i s t  i n  T a b le  I I .  
Once a l l  t h e  p a r a m e te r s  have  b een  s p e c i f i e d  f o r  t h e  I-V  cu rv e  t h e  symbol $ i s  
ty p ed  to  s i g n i f y  t h e  s t a r t  o f  d a t a .  The d a t a  i s  t a k e n  and r e c o r d e d  a p o i n t  
p e r  l i n e  and th e  symbol $ i s  a g a in  t y p e d .  T h is  e n a b le s  t h e  com puter  to  c o u n t  
th e  number o f  p o i n t s  i n  t h e  c u r v e .  The p a ra m e te r s  f o r  s u b s e q u e n t  c u rv e s  
need  o n ly  be s p e c i f i e d  i f  th e y  a r e  d i f f e r e n t .  Remarks may a l s o  be ty p e d  
anywhere be tw een  th e  $ d e l i m i t e r s  and w i l l  be i g n o re d  d u r in g  s u b s e q u e n t  
p r o c e s s i n g .  T h is  e n a b le s  comments such  as  ' r e j e c t  t h i s  p o i n t ’ , e t c . ,  t o  be 
made f o r  u se  i n  s u b s e q u e n t  e d i t i n g .  The end o f  d a t a  i s  s p e c i f i e d  by * and 
t h e  f i l e  i s  c lo s e d  by a s e r i e s  **** ty p ed  a t  t h e  s t a r t  o f  t h e  l i n e .  The f i n a l  
c h a r a c t e r  on th e  t a p e  to  be r e a d  i s  TC4 w hich  i s  u se d  t o  s w i tc h  o f f  t h e  t a p e  
r e a d e r .
C urves  w ere  g e n e r a l l y  t a k e n  e i t h e r  by s e t t i n g  th e  v o l t a g e  to  a 
h ig h  v a lu e  and r e d u c in g  th e  c u r r e n t  by  hand o r  v i c e  v e r s a ,  d u r in g  w hich  tim e 
t h e  l o g g e r  was s e t  t o  f r e e - r u n .  The s t r i k e  v o l t a g e  was r e c o r d e d  on s i n g l e  
s h o t  o r  ty p e d  i n  by h a n d .  A minimum o f  e i g h t  p o i n t s  was g e n e r a l l y  s u f f i c i e n t  
t o  c h a r a c t e r i s e  each  c u rv e .
5 .5  The M ic ro p h o to m e te r  System  j
M easurem ents  o f  t h e  c e l l  b r i g h t n e s s  w ere  made u s in g  a Gamma 
S c i e n t i f i c  D i g i t a l  M ic ro p h o to m e te r  S ys tem , ty p e  2400. A t r a v e l l i n g  m ic ro sc o p e  
was u sed  t o  image th e  t e s t  c e l l  o n to  th e  i n p u t  end o f  a  50 ym d ia m e te r  l i g h t
gu id e  u s in g  th e  eye  p i e c e  ty p e  700-10-36  p r o v id e d .  The i n t e r m e d i a t e  image
m a g n i f i c a t i o n  was X3 u s in g  an o b j e c t i v e  o f  ^  5 cm f o c a l  l e n g t h .  T h is  a l lo w e d  
a s u f f i c i e n t  d e p th  o f  f o c u s  t o  s e e  th e  l e n g t h  o f  t h e  glow f a i r l y  c l e a r l y  
th ro u g h  th e  eye  p i e c e .  The c e n t r a l  p o r t i o n  o f  t h e  w id th  o f  t h e  glow was
o b sc u re d  by th e  anode w hich  was ^  150 ym w id e .  However, due to  some
m is a l ig n m e n ts  i n  t h e  p o s i t i o n  o f  t h e  anode i t  was o f t e n  p o s s i b l e  t o  m easu re  
c e l l s  down t o  150 ym i n  d i a m e te r .  The l i g h t  g u id e  h a s  an a p p a r e n t  d i a m e te r  
when v iew ed  th ro u g h  th e  eye p i e c e  o f  ^  17 ym w hich  a l lo w e d  some s p a c i a l  
r e s o l u t i o n  to  be  a c h ie v e d  f o r  th e  l a r g e r  d i a m e te r  c e l l s .  A f i b r e g l a s s  l i g h t  
c o u p le r  i s  u se d  t o  t r a n s m i t  t h e  l i g h t  s i g n a l  to  an e n d -o n  p h o t o - m u l t i p l i e r  
d e t e c t o r  a s sem b ly  ty p e  2400-42H w hich  c a r r i e s  a p h o t o m u l t i p l i e r  ty p e  2020-1
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w i th  a p h o t o - o p t i c  c o r r e c t i o n  f i l t e r  ty p e  2020-1A. T h is  sy s te m  m atches  th e  
s p e c t r a l  r e s p o n s e  o f  th e  human e y e .
A s h u t t e r  f i t t e d  to  t h e  a ssem b ly  p r o v id e s  a l i g h t  t i g h t  e n v iro n m en t  
f o r  th e  p h o t o m u l t i p l i e r .  T h is  s o - c a l l e d  'd a r k  s t a t e '  i s  u sed  i n  t h e  i n i t i a l  
s e t t i n g  up p r o c e d u r e s .  W ith  t h e  "Range F a c to r "  s w i tc h  i n  i t s  l e a s t  s e n s i t i v e  
p o s i t i o n , t h e  d i g i t a l  m e te r  i s  s e t  t o  z e ro  u s in g  th e  "Z ero  A d j u s t " .  Then 
w i th  t h e  s w i tc h  s e t  t o  i t s  maximum s e n s i t i v i t y  t h e  d a rk  c u r r e n t  r e a d i n g  i s  
a d j u s t e d  o u t  on th e  d i g i t a l  m e te r  u s in g  th e  "Dark C u r r e n t  A d ju s t"  k n o b .  The
ran g e  f a c t o r  c o u ld  be  s e t  f o r  a  4 decad e  r a n g e .  H ere  a r a n g e  o f  100 t o  100K
\
F o o t  L am berts  ( F t /L )  i n c l u s i v e  was c h o se n .
W ith  th e  s h u t t e r  open th e  m ic ro sc o p e  i s  th e n  fo c u s s e d  o n to  th e  
ground g l a s s  s c r e e n  o f  a  s t a n d a r d  l i g h t  s o u r c e .  T h is  h a s  a  nom ina l b r i g h t n e s s  
o f  100 F t / L .  The s o u rc e  i s  o f  ty p e  Code No. 220A and i s  s u p p l i e d  by a c o n s t a n t  
c u r r e n t  power s o u r c e .  The lamp c u r r e n t  i s  a c c u r a t e l y  s e t  up u s in g  a s e n s i t i v e  
e l e c t r o n i c  g a lv a n o m e te r  a g a i n s t  t h e  v o l t a g e  o f  a  s t a n d a r d  c e l l  i n c o r p o r a t e d  
i n  t h e  e q u i p m e n t .  The c a l i b r a t i o n  o f  t h e  lam p , w hich  i s  checked  
p e r i o d i c a l l y ,  i s  t r a c e a b l e  b a c k  to  an A m erican N a t i o n a l  B ureau  o f  S ta n d a r d s  
C a l i b r a t i o n .  H aving  f o c u s s e d  up u s in g  th e  eye p i e c e  a l e n s  cap m ust  f i r s t  
be  p l a c e d  o v e r  t h e  eye  p i e c e  t o  a v o id  l i g h t  s c a t t e r e d  b ack  a f f e c t i n g  t h e  
r e a d i n g s .  N e x t ,  w i th  t h e  r a n g e  s w i tc h  s e t  a t  100 F t /L  t h e  E .H .T .  on t h e  
p h o to  m u l t i p l i e r  i s  s e t  so t h a t  t h e  d i g i t a l  m e te r  r e a d s  1 0 0 .0  o r  w h a te v e r  
o t h e r  v a lu e  e q u a l s  t h e  m ost  r e c e n t  c a l i b r a t i o n  o f  th e  s t a n d a r d  lam p. The 
sy s te m  i s  t h e n  c a l i b r a t e d  and re a d y  t o  be  f o c u s s e d  o n to  a t e s t  c e l l  and u se d  
to  r e a d  o f f  d i r e c t l y  t h e  c e l l  b r i g h t n e s s  i n  F t /L  on th e  d i g i t a l  m e t e r .  F o r  
t h i s  p u rp o se  i t  was n e c e s s a r y  to  s e l e c t  a r a n g e  f a c t o r  o f  10K. A BCD o u t p u t  
was a l s o  a v a i l a b l e  f o r  d a t a  lo g g in g  as  was an a n a lo g u e  s i g n a l .  The l a t t e r  
w as , how ever ,  u se d  to  p l o t  t h e  b r i g h t n e s s  v a r i a t i o n s  on an ( x ,y )  c h a r t  
r e c o r d e r  a g a i n s t  t h e  c e l l  c u r r e n t  o r  gas d e n s i t y  as  d e s c r i b e d  i n  C h a p te r  2 .
The s e n s i t i v i t y  o f  t h i s  s i g n a l  was -  100 mV f o r  a  d i g i t a l  m e te r  r e a d i n g  o f  
1 0 0 .0 .
5 .6  S p u t t e r  E t c h in g  A p p a ra tu s
A com parison  o f  t h e  s p u t t e r i n g  r a t e s  o f  a  number o f  p o s s i b l e  
a l t e r n a t i v e  c a th o d e  m a t e r i a l s  was do n e . T h is  was c a r r i e d  o u t  i n  a s e p a r a t e  
a p p a r a t u s ,  a  M a t e r i a l s  R e s e a rc h  C o r p o r a t io n  1 |  kW r f  s p u t t e r i n g  sy s te m  ty p e  
8622. The com parison  was made i n  an a rg o n  gas a tm o sp h e re  b u t  t h e  p r i n t e d  
ca rb o n  m a t e r i a l  was a l s o  m easu red  i n  b o th  neon  and xenon g a s e s .
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The sam ples  were made up as d e s c r i b e d  i n  th e  n e x t  C h a p te r  on 1 - in c h
sq u a re  s u b s t r a t e s  o f  a lu m in a  o r  B270 g l a s s .  These were p l a c e d  on th e  b o t to m
of a p a i r  o f  p a r a l l e l  p l a t e s .  The p l a t e s  were 5 - in c h  i n  d ia m e te r  and sp a ce d
2 5 in c h e s  a p a r t .  They w ere  immersed i n  th e  a rg o n  a tm o sp h e re  a t  a  p r e s s u r e  
-3of  5 .1 0  t o r r  and  an  r f  f i e l d  o f  ^  1200 V p eak  to  peak  a p p l i e d  |With a 
f r e q u e n c y  o f  ^  14 MHz. The sy s te m  was o p e r a t e d  i n  th e  s o - c a l l e d  f s p u t t e r  
e tc h *  anode w hich  i s  such  t h a t  th e  b o t to m  p l a t e  c o l l e c t s  o n ly  an  i o n  c u r r e n t .  
D epending on th e  r a t e s  o f  s p u t t e r i n g  e x p e c t e d ,  th e  sam ples  w ere  l e f t  f o r  
p e r i o d s  o f  from  1 t o  3 h o u r s  and th e  m a t e r i a l  l o s t  d u r in g  t h i s  p r o c e s s  was 
m easu red  by w e ig h in g  th e  s a m p le s .  A number o f  p o s s i b l e  c a th o d e  m a t e r i a l s  
a r e  l i s t e d  i n  T ab le  I I I  t o g e t h e r  w i th  some o f  t h e i r  r e l e v a n t  p h y s i c a l  
p r o p e r t i e s .  The m easu red  r a t e s  o f  s p u t t e r i n g  a r e  compared t o g e t h e r  i n  
F ig u r e s  33 a) and b ) .
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6 . EXPERIMENTAL RESULTS
6 .1  I n t r o d u c t  io n
A l a r g e  number o f  d i s p l a y  p a n e l s  w ere  c o n s t r u c t e d  and m ea su red .  A 
s e l e c t i o n  o f  t h e  more im p o r ta n t  f i n d i n g s  i s  g iv e n  h e r e .  The v a s t  m a j o r i t y  
o f  t h e  r e s u l t s  w ere  o f  V -  I  c h a r a c t e r i s t i c s  f o r  c e l l s  o f  d i f f e r e n t  geom etry  
and a t  d i f f e r e n t  g a s  d e n s i t i e s  u s in g  b o th  neon  and xenon  f i l l i n g s .  The neon  
gas  i s  s e l f - l u m i n o u s  b u t  t h e  xenon  r a d i a t e s  m a in ly  i n  t h e  u l t r a  v i o l e t  and 
would have  t o  be  u se d  f o r  d i s p l a y  p u rp o s e s  i n  c o n ju n c t io n  w i th  a  p hospho r  
c o a t in g ,  on t h e  c e l l  w a l l s .
A number o f  d i f f e r e n t  c e l l  c o n s t r u c t i o n s  w ere  employed a s  d e s c r i b e d  
i n  t h e  p r e v i o u s  c h a p t e r .  Some had  c e l l s  o f  s q u a r e  c r o s s - s e c t i o n  and some o f  
c i r c u l a r ,  some w ere  t a p e r e d  and some w ere  s t r a i g h t .  T h e r e f o r e ,  no a t t e m p t  
h a s  b e e n  made t o  t r y  t o  r e l a t e  t h e  w a l l  l o s s  o r  t h e  !k’ p a r a m e t e r s , d e r i v e d  
from  t h e  m easu rem en ts  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  c o n s t r u c t i o n s .
A number o f  o t h e r  p o s s i b l e  c a th o d e  m a t e r i a l s  w ere  s tu d i e d  and a 
co m p a r iso n  made o f  such  p r o p e r t i e s  a s  t h e  v a l u e  o f  t h e  c a th o d e  c o n s t a n t  ’K' 
and t h e  r e s i s t a n c e  o f  t h e  m a t e r i a l  t o  s p u t t e r i n g .  For t h e  c o m p a r iso n  o f  t h e  
s p u t t e r  r a t e s  a  s e p a r a t e  a p p a r a tu s  was u sed  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  
c h a p t e r .  The p a n e l  c o n s t r u c t i o n  made w i th  t h e  a n o d iz e d  a lum in ium  s p a c e r  was 
t h e  v e h i c l e  u sed  f o r  t h e  m easurem ent o f  t h e  c a th o d e  ’K! v a l u e s .  The c e l l s  
c o u ld  be  a c c u r a t e l y  d r i l l e d  u s in g  t h e  a u to m a t i c  j i g - b o r e r ,  so t h a t  t h i s  ty p e  
o f  c o n s t r u c t i o n  p r o v id e d v t h e  m ost r e l i a b l e  and r e p r o d u c i b l e  m easu rem en ts  f o r  
t h i s  ty p e  o f  s tu d y .
As we s h a l l  show m a t e r i a l s  w ere  d i s c o v e r e d  w i t h  some p r o p e r t i e s  
s u p e r i o r  to  t h o s e  o f  g r a p h i t e .  None o f  t h e s e  w ere  e le m e n ts  and none had  b e e n  
d e v e lo p e d  c o m m e rc ia l ly  t o  t h e  e x t e n t  o f  t h e  g r a p h i t e  f o r  w h ich  a l a r g e  r a n g e  
o f  p r o p r i e t o r y  ’Aquadag1 ty p e  p a i n t s  a r e  a v a i l a b l e .  B e s id e s  t h i s  ou r  a n a l y s i s  
showed t h a t  t h e  K v a lu e  o f  g r a p h i t e  was such  t h a t  t h e  i n c r e a s e  w h ich  co ti ld  be 
o b t a in e d  by th e  u s e  o f  o t h e r  m a t e r i a l s  would n o t  have  r e s u l t e d  i n  any s i g n i f i ­
c a n t  im provem ent. However, a  s c r e e n  p r i n t i n g  fo rm  o f  t h e  g r a p h i t e  was d e v e lo p e d  
by Sm ith  and h i s  c o —w o rk e rs  i n  t h e s e  L a b o r a t o r i e s  and t h i s  ty p e  o f  c a th o d e  
m a t e r i a l  was a l s o  a n a ly s e d  by th e  a u t h o r .  I t  had a d v a n ta g e s ,  n o t  o n l y . i n  i t s  
method o f  a p p l i c a t i o n  a n d . d e f i n i t i o n  by s c r e e n  p r i n t i n g ,  b u t  a l s o  i n  i t s  a b i l i t y  
t o  r e s i s t  th e  o c c a s i o n a l  t e n d e n c y  t o  a r c i n g  e x h i b i t e d  by th e  p a i n t e d  fo rm  o f  
g r a p h i t e  c a th o d e s .  The s c r e e n  p r i n t e d  g r a p h i t e  a l s o  had  s u p e r i o r  a d h e s io n  
p r o p e r t i e s .
A f u l l  a n a l y s i s  o f  t h e s e  g r a p h i t e  b a s e d  p a n e l s  was c a r r i e d  o u t  a n d . i s  
p r e s e n t e d  h e r e .  The r e s u l t s  can b e  f i t t e d  to  t h e  t h e o r y  a l r e a d y  o u t l i n e d  
and f o r  t h i s  p u rp o se  a com puter  p rogram  was d e v e lo p e d .  T h is  ty p e  o f  c u rv e
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f i t t i n g  i s  d i s a p p o i n t i n g  i n  t h a t  t h e  b e s t  f i t s  a r e  o f t e n  t o  o n ly  ± 25 v o l t s .
I t  i s  c l e a r  t h a t  t h e r e  a r e  a d d i t i o n a l  p r o c e s s e s  o c c u r r i n g  w hich  
have  n o t  b e e n  t a k e n  i n t o  a c c o u n t  by t h e  a n a l y s i s  p r e s e n t e d  i n  C h a p te r  4. One 
o b v io u s  p r o c e s s  i s  t h a t  o f  t h e  ohmic h e a t i n g  o f  t h e  gas  w hich  m ust be 
a p p r e c i a b l e  a s  t h e  w hole  p a n e l  t e n d s  t o  h e a t  up when w o rk in g .  I f  t h e  
t e m p e r a tu r e  o f  t h e  gas  i n  t h e  c a th o d e  f a l l  r e g i o n  i s  d i f f e r e n t  from  e l s e w h e r e  
t h e n  t h e  d e n s i t y  t h e r e  w i l l  a l t e r  and so t h e  c h a r a c t e r i s t i c s  w i l l  ch an g e .
Such a p r o c e s s  c an  e x p l a i n  t h e  d e v i a t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  c e l l s  
w i t h  t h e  same Nb p r o d u c t  b u t  w i t h  d i f f e r e n t  b o r e s  from  each  o t h e r  a s  t h e  power 
d e n s i t y  i s  g r a d u a l l y  i n c r e a s e d .  A number o f  p o s s i b l e  c o r r e c t i o n  f a c t o r s  a r e  
s u g g e s te d  and p r e s e n t e d  h e r e  and i n  C h a p te r  7. Computer c u rv e  f i t t i n g  i s  n o t  
n e c e s s a r i l y  t h e  m ost i n s t r u c t i v e  way t o  a n a ly s e  t h e  r e s u l t s  a l t h o u g h  i t  i s  
o f t e n  t h e  s i m p l e s t .  Some p r e l i m i n a r y  m a n i p u la t i o n  o f  t h e  d a t a  t o  g iv e  
a n o th e r  form  o f  g r a p h i c a l  p r e s e n t a t i o n  i s  o f t e n  more i n f o r m a t iv e  and shows 
j u s t  w here  t h e  d e v i a t i o n s  from  t h e o r y  a r e  f i r s t  o c c u r r i n g .  T h is  i s  t h e  method 
fo l lo w e d  h e r e ,  s i n c e  t h e  fo rm s a r e  compared more e a s i l y  w i t h  t h e  g r a p h i c a l  
form s p r e d i c t e d  and d e s c r i b e d  i n  Appendix  C.
6 .2  C athode  M a t e r i a l s
M a t e r i a l s  w hich  a r e  r e s i s t a n t  t o  s p u t t e r i n g  a r e  t h o s e  w h ich  a r e  
h e ld  t o g e t h e r  by s t r o n g  c o - v a l e n t  bonds b e tw e e n  t h e  a tom s. T h is  t e n d s  t o  
make them i n s u l a t o r s  o r  s e m ic o n d u c to rs  and t h e r e f o r e  n o t  i d e a l  c a th o d e  
m a t e r i a l s .  S t ro n g  bonds a r e  g e n e r a l l y  t o  be found  i n  t h e  h a rd  r e f r a c t o r y  
m a t e r i a l s  w i t h  h ig h  m e l t i n g  p o i n t s .  Those w h ich  have  some c o n d u c t i v i t y  a r e  
shown i n  T a b le  I I I .  Some o f  t h e s e  have  a  s i m i l a r  s t r u c t u r e  t o  g r a p h i t e  (C) 
such  a s  s i l i c o n  c a r b i d e  (SIC) and b o ro n  n i t r i d e  (BN). I n  f a c t  t h e  compounds 
o f  n i t r o g e n ,  b o r o n ,  and c a rb o n  w i t h  th e m s e lv e s  and w i t h  some m e t a l s  a r e  
found  to  b e  r e f r a c t o r y .  T hese  m a t e r i a l s  have  b e e n  i n v e s t i g a t e d  a s  p o s s i b l e  
c a th o d e  m a t e r i a l s  and t h e  r a t e  a t  w hich  th e y  s p u t t e r  i n  an  a rg o n  p l a s m a 'h a s  
b e e n  m ea su red .  A few e le m e n ts  such  a s  c a rb o n  and t a n t a lu m  a r e  a l s o  
r e s i s t a n t  t o  s p u t t e r i n g  and t h e s e  to o  have  b e e n  i n c l u d e d .  G e n e r a l ly  
th e y  have  b een  o b t a i n e d  i n  a  powder form  and a r e  m ixed w i t h  a b i n d e r  
such  a s  t h e  p o ta s s iu m  s i l i c a t e  o r  t h e  s c r e e n  p r i n t i n g  g la z e  i n  o r d e r  
t o  form  t h e  c a th o d e  l a y e r .  O th e r  p o s s i b i l i t i e s  i n c l u d e  t h e  u s e  o f  c e ra m ic  
f i l l e r s  t o  r e d u c e  t h e  c u r r e n t  d e n s i t y  a t  t h e  c a th o d e .  Such c e ra m ic s  a s  
a lu m in a  ( A ^ O ^ ) . t h o r i a  ( T l ^ )  and magnesium (MgO) have  b een  p ro p o se d  and 
t h e s e  have  a l s o  b een  m easu red  f o r  t h e i r  r e s i s t a n c e  t o  s p u t t e r i n g .
T hese  m a t e r i a l s  have  b een  t a b u l a t e d  i n  T a b le  I I I  t o g e t h e r  w i t h
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t h e  o t h e r  r e l e v a n t  p r o p e r t i e s  o f  i n t e r e s t .  A c o m p ar iso n  o f  t h e  m easu red  
s p u t t e r  r a t e s  w i t h  c a rb o n ,  and t h e  c a th o d e  ’K’ v a l u e s ,  w here  t h e s e  have  b een  
m e a su re d ,  have  a l s o  b een  i n c lu d e d  i n  t h i s  T a b le .
TABLE I I I
P a r a m e te r s  o f  V a r io u s  C athode M a t e r i a l s
M a t e r i a l M e l t in g  p o i n t  (°C)
H a rd n e ss
(mohs)
R e s i s t i v i t y  
(yft -  cm)
R e l a t i v e  S p u t t e r  
r a t e s  i n  
Neon/Argori/Xenon
C athode  
’K’ V alue
C ( ’dag) 3800 1 0 .0 65 1 .0 0 (A) 3 .8
C ( p r i n t e d ) 3800 1 0 .0 65 1 .4 0  (Ne) 
1 .7 5  (A) 
2 .5 0  (Xe)
3 .4
Ta ( p r i n t e d ) 2996 - 1 5 .5 1 0 .4 (A) 3 .5
BN 2730 2 .0 1900 0 .6 4 (A) 5 .3
b4 c 2450 9 .3 8 0 .9 5 (A) 3 .5
HfB2 3100 8 10 3 .4 4 (A) 1 .6
ZrB2 3040 8 60-80 2 .4 9 (A) 2 .4
SiC 2700 9 .2 1- 2 . 108 1 .5 6 (A) 2 .3
TaC 2730 9 30 5 .3 1 (A) -
a 12°3 2015 9 1022 0 .5 0 (A) -
Th02 3300 6 .5 3 .1 0 13 1 .25 (A) -
MgO
F e r n ic o
2800 6 2 . 1014 1 .5 0 (A) —
Vacon 10 
T e l c o s i l  1
J
< 1450 3 .5 47 1 .0
6 . 2 . 1  S p u t t e r  R a te  E x p e r im en ts
The a p p a r a tu s  f o r  m e a s u r in g  th e  r e l a t i v e  s p u t t e r i n g  r a t e s  h a s  
a l r e a d y  b een  d e s c r i b e d  i n  s e c t i o n  5 . 6 .  Sam ples o f  v a r i o u s  powder m a t e r i a l s  
w ere  made up on a lu m in a  s u b s t r a t e s  u s in g  th e  p o ta s s iu m  s i l i c a t e  (CRT g ra d e )
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s o l u t i o n  a s  t h e  b i n d e r .  The v a r i o u s  powders w ere  made up t o  a  b r u s h in g
c o n s i s t e n c y  and s p re a d  o n to  t h e  a lu m in a  s u b s t r a t e s .  These  w ere  s q u a r e s  o f
o n e - in c h  s i z e .  They w ere  f i r s t  w eighed  a f t e r  th e y  had b e e n  c l e a n e d ,  d r i e d
and baked t o  400°C. Each  c o a te d  spec im en  was w eighed  a g a in  a f t e r  a  f u r t h e r
bake  a t  500°C f o r  1 h o u r ,  t h e  t e m p e r a tu r e  b e in g  t a k e n  up and down s lo w ly
to  a v o id  damaging o r  s t r a i n i n g  t h e  s u r f a c e .  The s u r f a c e  t e x t u r e  was n o te d
and p h o to g ra p h e d  f o r  f u t u r e  r e f e r e n c e  b e f o r e  s p u t t e r i n g  b e g a n .  T h is  was
- 3c a r r i e d  o u t  m o s t ly  i n  a rg o n  a t  a  p r e s s u r e  o f  5 .1 0  t o r r ,  and t h e  w e ig h t  
l o s s  m easu red  e v e ry  few h o u r s  a s  shown i n  t h e  t y p i c a l  g ra p h  o f  F i g u r e  3 2 ( a ) .
The s p u t t e r  r a t e s  o f  t h e  s c r e e n  p r i n t e d  c a rb o n  w ere  a l s o  m easu red  
i n  neon  and i n  xenon  f o r  c o m p a r iso n .  T h is  i s  shown i n  F i g u r e  3 2 ( b ) .  T hese  
specim ens  w ere  p r i n t e d  u s in g  t h e  s t a n d a r d  method a d o p te d  f o r  t h e  s c r e e n  
p r i n t i n g  o f  t h e  c a th o d e  p l a t e s  f o r  t h e  d i s p l a y  p a n e l s .  The s u b s t r a t e s  
w ere  a g a in  i n c h - s q u a r e  b u t  t h i s  t im e  made from  B270 g l a s s  1 .3  mm t h i c k .
The p r i n t e d  c a rb o n  i n i t i a l l y  c o v e re d  t h e  .whole o f  t h e  to p  s u r f a c e .  One o f  
t h e  s lo w e s t  m a t e r i a l s  t o  s p u t t e r  was t h e  b o ro n  n i t r i d e  w hich  a l s o  had  a  h ig h  
’K1 v a l u e ,  s e e  t h e  f o l l o w in g  s e c t i o n .
6 . 2 . 2  M easurement o f  Cathode C o n s ta n ts
E s t im a t e s  o f  t h e  ’K1 v a lu e  o f  a  number o f  d i f f e r e n t  c a th o d e
m a t e r i a l s  w ere  o b t a in e d  by i n c o r p o r a t i n g  t h e s e  m a t e r i a l s  i n t o  e x p e r im e n ta l
p a n e l s .  T hese  p a n e l s  w ere  p r o v id e d  w i t h  s p a c e r  p l a t e s  o f  a n o d iz e d  a lum in ium
w hich  w ere  a b o u t  250 ym t h i c k  and c a r r i e d  j i g - b o r e d  h o l e s  o f  n o m ina l  b o r e s  
o f  300 , 200 and 150 and 100 ym i n  d i a m e te r .  The m a t e r i a l s  w ere  s u p p l i e d  
i n  a  powder form  and so w ere  made up i n t o  a  p a s t e  u s in g  th e  p o ta s s iu m  
s i l i c a t e  (CRT g ra d e )  s o l u t i o n  t o  t h e  r e q u i r e d  c o n s i s t e n c y .  The p a s t e  was 
t h e n  a p p l i e d  t o  t h e  g l a s s  c a th o d e  p l a t e s  u s in g  t h e  same t e c h n i q u e s  a s  
employed f o r  d e f i n i n g  t h e  c a rb o n  t r a c k s .  Many o f  t h e  m a t e r i a l s  b e in g  - 
s e m ic o n d u c to rs  d id  n o t  p o s s e s s  s u f f i c i e n t  c o n d u c t i v i t y  f o r  them  t o  a c t  a s  
t h e i r  own c u r r e n t  c o n n e c t io n  a s  w e l l .  I n  t h e s e  c a s e s  t h e  m a t e r i a l  was 
d e p o s i t e d  o n to  f i n e  t r a c t s  o f  s c r e e n  p r i n t e d  s i l v e r  o f  a  s i m i l a r  s i z e  t o  
t h a t  employed f o r  t h e  anode c o n n e c t io n s .  The m a t e r i a l  was s p re a d  on 
s u f f i c i e n t l y  w ide  t o  c o v e r  t h e  t r a c k s  c o m p le te ly  and s u f f i c i e n t l y  t h i c k  to  
p r e v e n t  s p u t t e r i n g  th ro u g h  and t h e  d i s c h a r g e  coming i n  c o n t a c t  w i t h  t h e  
s i l v e r  i t s e l f .
The p a n e l s  w ere  co m p le ted  a s  f o r  t h e  c a rb o n  c a th o d e s .  They w ere
mounted on t h e  pump and baked o v e r n i g h t  a t  250°C t o  a c h ie v e  b a s e  p r e s s u r e s
—8i n  t h e  r a n g e  o f  1 - 2 .1 0  t o r r .  They w ere  t h e n  b a c k - f i l l e d  w i t h  neon  99.99%
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p u r e  and m easu rem en ts  t a k e n  a t  d i f f e r e n t  p r e s s u r e s  and i n  t h e  r a n g e  o f  
40-550  t o r r .  I f  t h e  c h a r a c t e r i s t i c s  e x h i b i t e d  any i r r e p r o d u c i b i l i t y  t h e  
p a n e l s  w ere  ’ s c r e e n e d ’ f o r  an  h o u r ,  t h e n  pumped o u t  and r e f i l l e d  w i t h  g a s .  
S c r e e n in g  in v o lv e d  r u n n in g  t h e  p a n e l  c a th o d e  l i n e  by l i n e  i n  a  c y c l i c  f a s h i o n  
w i t h  up t o  1 mA o f  c u r r e n t  p e r  c e l l  f o r  a  p e r i o d  o f  up t o  1 h o u r .  The l i n e  
t im e  c o u ld  he  v a r i e d  b u t  was g e n e r a l l y  on f o r  'V' 0 . 5  se co n d .
As shown i n  t h e  t h e o r y  o f  C h a p te r  4 ,  v a l u e s  o f  t h e  s t r i k e  v o l t a g e
V o n ly  a r e  needed  t o  d e te r m in e  t h e  c a th o d e  c o n s t a n t  i n  te rm s  o f  t h e  known
S (44)p a ra m e te r s  G and C o f  t h e  neon  g as  . F o r  t h i s  p u rp o s e  Vg m ust b e  known
f o r  d i f f e r e n t  gas  p r e s s u r e s  and c e l l  g e o m e t r i e s .
The s im p l e s t  m ethod o f  a n a l y s i s  i s  t o  t a b u l a t e  t h e  s t r i k e  v o l t a g e s
a s  a  f u n c t i o n  o f  t h e  p a r a m e t e r s ,  P Qd ,  t h e  p r o d u c t  o f  gas  p r e s s u r e  ( re d u c e d
t o  0°C) and t h e  c e l l  d e p th ,  and a l s o  t h e  c e l l  d im e n s io n  b and d ,  b o t h  o f
w hich  a r e  n e e d ed .  I t  i s  t h e n  p o s s i b l e  t o  u s e  a s t a n d a r d  c u rv e  f i t t i n g
r o u t i n e  im plem ented  on t h e  ICL 1904S com puter  i n  t h e  p a c k ag e  c a l l e d  C F I T ^ “^ .
See C h ap te r  7 f o r  d e t a i l s  o f  t h e  com puter  p rogram s u s e d .  T h is  p a c k ag e  m ust
have  t h e  f u n c t i o n a l  form  o f  Vg , w h ich  i t  i s  r e q u i r e d  t o  f i t ,  s p e c i f i e d  t o
i t  i n  t h e  fo rm  o f  an  ALGOL 60 a l g o r i t h m .  I n  t h i s  a l g o r i t h m  t h e  v a r i a b l e s
u s e  t h e  l e t t e r s  Z, Y, X, e t c .  downwards, w h i l e  t h e  c o n s t a n t s  u s e  A, B, C,
e t c .  u pw ards ,  d e p e n d in g  on how many a r e  needed  to  be f i t t e d .  W r i t in g
X, Y, Z f o r  t h r e e  v a r i a b l e  p a r a m e te r s  m e n t io n e d  p r e v i o u s l y ,  t h e  a l g o r i t h m
u se d  becom es:
C*X*1 & - 1 /  (LN/X*1 & - 3 / (A/Y + B /Z))  6 .1
2The n u m e r ic a l  c o n s t a n t s  a r e  c o n v e r te d  t o  (10 v o l t s ,  mm, t o r r )  t h e  u n i t s  o f  
A, B and C from  t h e  u n i t s  o f  V , p Q, b and d w h ich  a r e  ( v o l t s ,  ym, t o r r ) .
T h is  i s  b e c a u s e  t h e  c u rv e  f i t t i n g  r o u t i n e  e x p e c t s  i t s  c o n s t a n t s  t o  be  o f  
o r d e r  u n i t y .  ,
The a lg o r i t h m  can  be  d e r iv e d  from  e q u a t i o n s  4 .3 7  and 4 .3 8  w i t h  8
n e g l e c t e d ,  o r  s e e  e q u a t i o n  B .20  o f  Appendix  B. A, B and C r e p r e s e n t  t h e
t h r e e  c o n s t a n t s  t o  be  f i t t e d .  A r e p r e s e n t s  H = K/G, B i s  k/G and C i s  riQ.
Both  G and q a r e  r e l a t e d  t o  t h e  gas  p a ra m e te r s  by t h e  fo rm u la  o f  e q u a t i o n
°  . . . (44)4 .1  f o r  t h e  i o n i z a t i o n  c o e f f i c i e n t  a /N . The a p p r o p r i a t e  v a l u e s  f o r
- 1  - 1  ' - 1  - i
neon  a r e :  G = 0 .8 2  mm t o r r  and qQ = 0 .2 8 9  v o l t s  mm t o r r  . The m ethod 
o f  s o l u t i o n  i s  s i m i l a r  t o  t h a t  u se d  t o  f i t  t h e  w hole  V - I  c h a r a c t e r i s t i c  
w hich  i s  d e s c r i b e d  i n  C h a p te r  7. I t  i s  i t e r a t i v e  and so r e q u i r e s  a n  i n i t i a l
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e s t i m a t e  o f  t h e  v a lu e s  o f  A, B, amd C. I n  f a c t  a  b e t t e r  e s t i m a t e  o f  th e  
c a th o d e  c o n s t a n t  i s  o b t a i n e d  a l t h o u g h  p e rh a p s  n o t  such  a  good f i t  t o  e x p e r i ­
m e n ta l  d a t a  i f  o n ly  A i s  f i t t e d  and B and C a r e  g iv e n  t h e  v a l u e s ,  B = 1 .7  
and C = 0 . 2 9 .  These r e p r e s e n t  t h e  a v e ra g e  v a lu e s  found i n  neon  gas  when 
u s in g  th e  a n o d iz e d  a lum in ium  s p a c e r  p l a t e s .
An example o f  a  c u rv e  f i t  t o  t h e  s t r i k e  v o l t a g e  Vg i s  shown i n  
F ig u re  3 3 ( a ) .  T h is  shows t h e  t h e o r e t i c a l  f i t  o f  th e  Vg m easu rem en ts  f o r  
a  p a n e l  w hich  was c o n s t r u c t e d  u s in g  z i r c o n iu m  d i b o r i d e  ( Z r B ^ ) • A s im p le r  
f i t  f o r  a  p a n e l  made w i t h  b o ro n  n i t r i d e  BN, b u t  w i t h  o n ly  one s i z e  o f  h o l e  
d ia m te r  (300 ym) i s  shown i n  f i g u r e  33 ( b ) . F o r  t h i s  c a s e  th e  a v e ra g e
v a lu e  o f  B = 1 .7  was u se d  t o  d e te r m in e  t h e  f i t .
The t h e o r e t i c a l  im p o r ta n c e  o f  t h e  c a th o d e  c o n s t a n t ,  t h e  TKf v a lu e  
can be se en  from  e q u a t i o n  4 .1 9 .  T h is  shows t h a t  t h e  power d i s s i p a t i o n  W depends
on a number o f  f a c t o r s  P , n , W and R. I n  t h e i r  t u r n  t h e s e  f a c t o r s  a r e
r e s p e c t i v e l y  d e te rm in e d  by th e  Nb p r o d u c t ,  t h e  r e d u c e d  f i e l d  a c t i n g  a t  t h e  
tim e  n » th e  v a r i o u s  f a c t o r s  d e te rm in e d  m a in ly  by th e  p a r t i c u l a r  gas  u se d  and 
th e  f a c t o r  d e te rm in e d  by th e  c a th o d e  m a t e r i a l  u s e d .  R i s  r e l a t e d  t o  K 
th ro u g h  e q u a t i o n s  4 .2 8  and 4 .3 4 .  We can  r e w r i t e  t h e s e  a s : -
3/ 2 KR = sJm Z(K)
(s  - 1) 6. 2
Where s! i s  i t s e l f  a  f u n c t i o n  o f  K a p p ro x im a te ly  g iv e n  by 
e q u a t i o n  4 .2 7 .
I n  t h e  u n r e s t r i c t e d  glow s = s ^  so  th e  v a lu e  o f  th e  s q u a re  b r a c k e t s  
i s  u n i t y  and re m a in in g  te rm s  a r e  e q u a l  t o  R^. T h is  i s  shown from  e q u a t i o n s  
4 .2 7  and 4 .2 8  to  be  a p p ro x im a te ly  g iv e n  b y : -
R = K m
7 - 4  ■— —  a r c  t a n3 3tt
K
3.373
3/2
•6.3
K -  1 + exp ( -  K)
The dependance  o f  th e  power d i s s i p a t i o n  on th e  ’K1 v a lu e  i s  
t h e r e f o r e  d i r e c t l y  p r o p o r t i o n a l  to  R and a g ra p h  o f  t h i s  r e l a t i o n s h i p  i s  
shown i n  f i g u r e  34 . We have  a l s o  i n c lu d e d  on t h i s  g ra p h  th e  p o i n t s  w hich  
c o r r e s p o n d  t o  t h e  v a r i o u s  c a th o d e  m a t e r i a l s  w hich  have so f a r  b een  m e a s u re d .  
A lso  shown f o r  co m p ar iso n  i s  t h e  c o r r e s p o n d in g  minimum v a lu e  o f  t h e  s t r i k e  
v o l t a g e  w hich i n c r e a s e s  l i n e a r l y  w i th  t h e  fKf v a lu e  o f  th e  c a th o d e  m a t e r i a l  
as  g iv e n  by e q u a t i o n  B .1 7 .  A#?. Vj, p ^ ^ o ^ i o  n a  i  to K
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6 . 3 .  M easurement o f  F o rm a t iv e  Time
As e x p la i n e d  i n  s e c t i o n  3 .5  t h e  s t r i k e  v o l t a g e  Vg i s  n o t  d i r e c t l y  
m e a s u r a b le .  An o v e r v o l t a g e  (V^ -  Vg) o f  t h e  a p p l i e d  v o l t a g e  o v e r  and 
above th e  v a lu e s  o f  Vg i s  needed  so t h a t  t h e  d i s c h a r g e  c u r r e n t  may m u l t i p l y  
up t o  a  v a lu e  w here  t h e  v o l t a g e  c o l l a p s e s  w i t h i n  a  f i n i t e  t im e .  A t h e o r e t i c a l  
a n a l y s i s  o f  t h i s  f o r m a t iv e  t im e  was g iv e n  i n  s e c t i o n  4 . 6 .  T here  an  e x p r e s ­
s io n  ( e q u a t io n  4 .4 4 )  was d e r i v e d  r e l a t i n g  th e  v a lu e  o f  th e  a p p l i e d  r e d u c e d  
f i e l d  n t o  t h e  t im e  d e la y  t  w hich  i s  m easu red  be tw een  when th e  v o l t a g e  
c o l l a p s e s  and when t h i s  f i e l d  i s  f i r s t  a p p l i e d .  T h is  d e la y  i s  v e r y  im p o r t ­
a n t  when p a n e l s  a r e  b e in g  o p e r a t e d  d y n a m ic a l ly  u n d e r  a c t u a l  o p e r a t i n g  con­
d i t i o n s  such  a s  when a new m essage  l i n e  i s  t o  be  w r i t t e n  i n .  P r o v id e d  
however t h e  v o l t a g e  can  be  a p p l i e d  f o r  p e r i o d s  o f  o v e r  ^  1msec i n  l e n g t h  
th e n  th e  o v e r - v o l t a g e  r e q u i r e d  w i th  t h e  p a n e l s  d e s c r i b e d  i n  t h i s  work was 
n o t  v e r y  l a r g e  b e in g  o f  o n ly  a few v o l t s  i n  v a l u e ,  t h a t  i s  p ro v id e d  a d e q u a te  
p r im in g  was p r o v id e d .
However, a  number o f  m easu rem en ts  w ere  made to  c o n f i rm  t h i s  g e n e r a l  
r e s u l t .  I f  th e  o v e r - v o l t a g e  needed  i s  sm a l l  compared t o  th e  a p p l i e d  v o l t a g e  
b e c a u s e  a g e n e ro u s  f o r m a t iv e  t im e  d e la y  can  be  a l lo w e d ,  t h e n  th e  e q u a t i o n s  o f  
s e c t i o n  4 .6  can  be  s i m p l i f i e d .  F i r s t  com bin ing  e q u a t i o n s  4 .4 2 ,  4 .4 4  and 4 .4 6  
we o b t a i n : -
6 .4
r r . 1 I
ZrT 1 K 1 ' +  B/ 1 0 .8  I n mexp - /  ro
/  n
~ P GNd 1 + " s t  ^  GNy
Io\ J
When q = t h e  l e f t  hand s id e  o f  t h i s  e q u a t i o n  i s  z e ro  and
th e  c o r r e s p o n d in g  t im e  t i s  i n f i n i t e .  .
N ear q t h e  r i g h t  hand s i d e  may be a p p ro x im a te d  u s in g  a
M cLaurins e x p a n s io n  and so g i v e s : -
s
exp
Thus a  p l o t  o f  V,. a g a i n s t  1/ t V, b b
r
0 . 8
GNy+
I n m 6 .5
y i e l d  a s t r a i g h t  l i n e  whose
i n t e r c e p t  i s  th e  s t r i k e  v o l t a g e  V , such  p l o t s  a r e  shown i n  F ig u r e  35.
These a r e  f o r  two p a n e l s  made w i th  t h e  p h o to fo rm  g l a s s  s p a c e r  p l a t e s .  They
a r e  n o m in a l ly  o f  t h e  same geom etry  d = 750 ym and b = 300 ym, and  f i l l e d
24 - 3  ’to  t h e  same gas d e n s i t y  4 .1 0  m (110 t o r r )  o f  neo n . They have  s l i g h t l y  
d i f f e r e n t  c h a r a c t e r i s t i c s  due t o  d i f f e r e n c e s  i n  t h e  q u a n t i t y  o f  c a rb o n  i n  
th e  s c r e e n  p r i n t i n g  in k  u se d  f o r  t h e  c a th o d e .
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6 .4  M easurem ents  o f  t h e  Running C h a r a c t e r i s t i c s  o f  P a n e ls
6 . 4 . 1 .  P a n e l s  W ith jPhotoform .Glass S p ace r  p l a t e s
The g e n e r a l  t h e o r y  f o r  t h e  ru n n in g  c h a r a c t e r i s t i c s  worked o u t  
i n  c h a p te r  4 s u g g e s t e d  t h a t  c e l l s  s h o u ld  e x h i b i t  s i m i l a r  c h a r a c t e r i s t i c s  
i f  th e y  had t h e  same v a lu e  o f  t h e  p r o d u c t  Nb. N i s  t h e  gas  d e n s i t y  and 
b t h e  c e l l  d i a m e t e r .  T h is  i s  c e r t a i n l y -  t h e  c a s e  i n  p r a c t i s e  a t  l e a s t  t o  
f i r s t  o r d e r .  However, t h e  ru n n in g  c h a r a c t e r i s t i c s  a p p e a r  to  r e q u i r e  a 
d i f f e r e n t  v a lu e  o f  th e  f i t t i n g  p a r a m e te r s  a s  f a r  a s  t h e  w a l l  l o s s  i s  
c o n c e rn e d  when compared to  t h a t  r e q u i r e d  by th e  s t r i k e v o l t a g e s .  T h is  i s  
i l l u s t r a t e d  i n  F ig u r e  36 w here a f i t  h a s  b e e n  drawn i n  f o r  t h e  ru n n in g  
c h a r a c t e r i s t i c s  a lo n e  f o r  a  s e l e c t i o n  of- t h e  p a n e l s  w i t h  p h o to fo rm  s p a c e r s  
and s c r e e n  p r i n t e d  c a rb o n  c a th o d e s .  Here i t  can  be se en  t h a t  a l t h o u g h  th e  
t h e o r e t i c a l  c u rv e s  f o r  t h e  r u n n in g  c h a r c t e r i s t i c s  f i t  t o  w i t h i n  a few  v o l t s  
when th e  s c a l e  o f  t h e  power d i s s i p a t i o n  i s  chosen  c o r r e c t l y ,  y e t  t h e  p r e ­
d i c t e d  v a l u e s  o f  t h e  s t r i k e  v o l t a g e s  a r e  to o  h i g h .  F o r  i n s t a n c e  a c u rv e  f i t  
t o  t h e  s t r i k e  v o l t a g e s  a lo n e  i s  shown i n  F ig u r e  37 and g iv e s  a  v a lu e  o f  
t h e  w a l l  l o s s  c o n s t a n t  w hich  i s  f o r  t h e s e  p a n e l s  o n ly  some 27% o f  t h a t  
r e q u i r e d  t o  e x p l a i n  t h e  l o s s  o f  i o n i z a t i o n  to  t h e  w a l l s  d u r in g  th e  t im e  
t h e  glow i s  on. As th e  p r e s s u r e  i s  i n c r e a s e d  t h e  e x t i n c t i o n  v o l t a g e
depends l e s s  on th e  w a l l  l o s s  u n t i l  a t  s u f f i c i e n t l y  h ig h  p r e s s u r e s  i t  i s
2
d e te rm in e d  by t h e  c a th o d e  and gas  c o n s t a n t s  a lo n e  (V = C K/G). E x a m in a t io n  
o f  t h e  f i t s  i n  F ig u r e  36 and 37 shows t h a t  t h e  l a t t e r  c o n s t a n t s  a r e  a p p r o x i ­
m a te ly  t h e  same f o r  b o th  c a s e s  and so th e  t h e o r e c t i c a l  a rgum en ts  c o n c e r n in g  
t h e s e  p a r a m e te r s  a t  l e a s t  seem to  h o ld  good.
A p o s s i b l e  r e a s o n  why th e  w a l l  l o s s  s h o u ld  be d i f f e r e n t  w h i l e  
th e  glow i s  r u n n in g  compared w i th  when i t  f i r s t  s t r i k e s  i s  n o t  d i f f i c u l t  
to  f i n d .  Beck and Emeleus r e p o r t e d  i n  1931 t h a t  t h e  d i s c h a r g e  tu b e
w a l l s  become p o s i t i v e l y  c h a rg e d  i n  t h e  r e g i o n  o f  t h e  c a th o d e  f a l l .  T h is  i s  
due t o  t h e  h ig h  c o n c e n t r a t i o n  o f  p o s i t i v e  io n s  i n  t h e  c a th o d e  f a l l  r e g i o h  
w hich  l e a v e s  t h i s  r e g i o n  o f  th e  glow w i t h  an o v e r a l l  p o s i t i v e  s p a c e - c h a r g e .
I t  i s  n o t  t h e r e f o r e  u n r e a s o n a b le  to  suppose  t h a t  t h i s  c h a rg e  m ust  s p i l l  o u t  
t o  t h e  w a l l  a round  i t  and l e a v e  them p o s i t i v e l y  c h a rg e d .  T h is  p o s i t i v e  
c h a rg e  w i l l  a l s o  te n d  t o  a t t r a c t  more e l e c t r o n s  to  t h e  w a l l s  t h e n  m ig h t  
o th e r w i s e  have  r e a c h e d  them . Thus fh e  l o s s  o f  e l e c t r o n s  to  t h e  w a l l s  w i l l  
be  g r e a t e r  p r o p o r t i o n a t e l y  to  t h e  p o s i t i v e  io n  sp a ce  c h a rg e  n e a r  t h e  c a th o d e .  
T h is  i n  i t s  t u r n  i s  a  f u n c t i o n  o f  t h e  c a th o d e  f a l l  shape  f a c t o r  s .  Thus t h e  
a d d i t i o n a l  l o s s  s h o u ld  be p r o p o r t i o n a l  to  s ( s  - 1) t o  a f i r s t  a p p r o x im a t io n .
T h is  can  be deduced  by s u b s t i t u t i n g  th e  Lucas  a p p ro x im a t io n  f o r  0 t h e  p o t e n t i a l
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d i s t r i b u t i o n  i n  t h e  c a th o d e  f a l l ,  g iv e n  by  e q u a t i o n  3 . 3 ,  back  i n t o  P o i s s o n ’ s
. 2 2  e q u a t i o n  w hich  shows t h a t  th e  s p a c e  c h a rg e  v a r i e s  a s  ( -  d 0 /d x  ) .
When t h i s  m o d i f i c a t i o n  i s  made to  th e  t h e o r y  o f  t h e  w a l l  l o s s
q u i t e  an  a c c e p t a b l e  f i t  to  th e  m easu red  c h a r a c t e r i s t i c  c u rv e s  c an  be a c h ie v e d .  
T h is  i s  shown i n  F ig u r e  38 . N o t i c e  to o  t h a t  t h i s  m o d i f i c a t i o n  a l s o  e x p l a i n s  
th e  o n s e t  o f  th e  'c r e e p  on"  e f f e c t  w hich  i s  o b s e rv e d  e x p e r i m e n t a l l y  as  th e  
p r e s s u r e  i s  lo w e re d .  I t  i s  a t t r i b u t e d  to  a  f a l l  o f f  i n  th e  amount by  w hich  
th e  i o n i z a t i o n  e f f i c i e n c y  i n c r e a s e s  w i th  s compared w i t h  th e  c o r r e s p o n d in g  
l o s s  o f  i o n i z a t i o n  to  th e  w a l l s  a s  t h e  r e d u c e d  f i e l d  i s  i n c r e a s e d  by lo w e r in g  
th e  p r e s s u r e .  A t a  c e r t a i n  r e d u c e d  f i e l d  th e  i n c r e a s e  i n  th e  e f f i c i e n c y  j u s t  
b a la n c e s  th e  i n c r e a s e  i n  w a l l  l o s s  and so t h e r e  i s  no lo n g e r  a  r e g i o n  o f  
n e g a t i v e  r e s i s t a n c e .
6 . 4 . 2  P a n e ls  w i th  A nodized  Aluminium S p a c e r  P l a t e s
Some m easu red  c u rv e s  a r e  shown i n  F ig u re  39 f o r  an  e x p e r i m e n t a l
p a n e l  (CP203) w i t h  an  a n o d iz e d  a lum in ium  s p a c e r  p l a t e  and a g a in  a s c r e e n -
p r i n t e d  c a rb o n  c a th o d e .  The d i f f e r e n c e  i n  th e  l o s s  to  th e  w a l l s  b e tw e en  when 
th e  d i s c h a r g e  i s  ru n n in g  and when i t  s t r i k e s  i s  now n o t  so m arked . Curve 
f i t s ,  s e e  F ig u r e  40 , s u g g e s t  an  i n c r e a s e  o f  some 40% i s  a p p r o p r i a t e .  However, 
th e  a n o d iz e d  a lum in ium  s p a c e r  p l a t e s  a r e  s h a l l o w e r ,  b e in g  l i m i t e d  to  an  
o v e r a l l  d e p th  o f  o n ly  a b o u t  250 ym. T h is  i s  due to  d i f f i c u l t i e s  i n  m aking 
th e  a n o d iz in g  l a y e r  any t h i c k e r  th a n  a b o u t  40 ym t h i c k  a l l  ro u n d .  Thus 
d e e p e r  p l a t e s  d id  n o t  have  a s m a l l  enough e x p a n s io n  c o e f f i c i e n t  to  m atch  
w i th  t h a t  o f  th e  r e s t  o f  th e  a sse m b ly  made o u t  o f  g l a s s ,  and so  c o u ld  n o t  
be u sed  w i t h o u t  th e  g l a s s  c r a c k in g  i n  th e  s e a l i n g  up p r o c e s s .
The a n o d iz e d  a lum in ium  s p a c e r  p l a t e s  were t h e r e f o r e  o n ly  h a l f  
th e  d e p th  o f  even  th e  s h a l l o w e s t  o f  th e  p h o to fo rm  g l a s s  s p a c e r  p l a t e s  u s e d .  
However, th e  h o l e s  c o u ld  be d r i l l e d  v e r y  a c c u r a t e l y  and down t o  be low  100 ym 
d ia m e te r  i f  need  b e ,  se e  F ig u r e  22. Thus a s p e c t  r a t i o s  o f  u p to  3 :1  d e p th  
to  b o r e  c o u ld  be a c h ie v e d  q u i t e  e a s i l y .  T h is  o f  c o u rs e  s h o u ld  p r o v id e  a 
s u f f i c i e n t  t h r e s h o l d  v o l t a g e ,  th e  d i f f e r e n c e  b e tw e en  th e  s t r i k e  Vg and th e  
e x t i n c t i o n  v o l t a g e  Vg , f o r  r e l i a b l e  s w i tc h in g  o f  th e  p a n e l s  b e tw e en  th e  on 
and o f f  s t a t e s .  T h is  h a s  to  be s u f f i c i e n t  t o  overcome th e  e f f e c t  o f  th e  
s p re a d s  i n  v o l t a g e  c h a r a c t e r i s t i c s  b e tw e e n  c e l l s  as  o u t l i n e d  i n  C h a p te r  2 
S e c t io n  2 .5 .  Note now t h a t  t h e s e  s p re a d s  may a l s o  a r i s e  from  v a r i a t i o n s  
i n  th e  w a l l  c h a r g in g  as  w e l l  a s  from  th e  o t h e r  v a r i a t i o n s  w hich  o c c u r  
d u r in g  th e  m a n u f a c tu r e .
An i n t e r e s t i n g  a s p e c t  o f  th e  a n o d iz e d  a lum in ium  p a n e l  i s  t h a t  
i n  s p i t e  o f  th e  l a r g e  v a r i a t i o n  i n  a s p e c t  r a t i o  t h e  e x t i n c t i o n  v o l t a g e s  and
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c u r r e n t s  a r e  r e m a rk a b le  s i m i l a r  f o r  c h a r a c t e r i s t i c s  w i t h  th e  same Nb p r o d u c t .  
The b o re  o f  th e  f o u r  d i f f e r e n t  ty p e s  o f  c e l l s  f o r  th e  p a n e l  shown i n  F ig u r e  
40 (CP 203) w ere  a c c u r a t e l y  m easu red  w i t h  a  t r a v e l l i n g  m ic ro sc o p e  to  b e  
w i t h i n  a few m ic ro n s  o f  93 , 150, 200 and 297 m ic ro n s  r e s p e c t i v e l y .  The 
d e p th  o f  th e  s p a c e r  p l a t e  a f t e r  a n o d iz in g  was a l s o  m easu red  w i t h  a  m ic ro m e te r  
and found  to  be 245 ym d e e p .  Thus th e  a s p e c t  r a t i o s  a r e  r e s p e c t i v e l y  2 .6 3 ,
1 .6 3 ,  1 .23  and 0 .8 2 5 .  The th e o r y  would  s u g g e s t  t h a t  th e  w id e r  c e l l s  w hich  
o p e r a t e  a t  a  p r o p o r t i o n a t e l y  low er d e n s i t y  i n  o r d e r  to  g iv e  t h e  same Nb 
p r o d u c t  s h o u ld  become r e s t r i c t e d ,  i . e .  o b s t r u c t e d  by th e  a n o d e ,  f i r s t .  T ha t  
t h i s  i s  n o t  a lw ays  th e  c a se  was d e m o n s t ra te d  e a r l y  on w i th  m easu rem en ts  
i n v o lv i n g  th e  p a n e l s  w i t h  w edge-shaped  g l a s s  s p a c e r  p l a t e s .  I n  t h e s e  p a n e l s  
th e  a s p e c t  r a t i o  o f  t h e  c e l l s  was changed  by v a r y in g  b o th  th e  c e l l  d e p th  
and th e  b o r e .  A ga in  th e  r u n n in g  c h a r a c t e r i s t i c s  a r e  s i m i l a r  when th e  Nb 
p r o d u c t  i s  th e  same. See F ig u r e s  41 and 42 . C h a r a c t e r i s t i c s  f o r  t h e  d e e p e r  
c e l l s  c a n  o f t e n  be t r a c e d  beyond th e  p o i n t  o f  minimum v o l t a g e  Ve> th e  
e x t i n c t i o n  p o i n t  (Pe ° f  F i g u r e  C 3 ) , by c o n t r o l l i n g  th e  c e l l  c u r r e n t  from  
a h ig h  impedance c u r r e n t  s o u r c e .  The s h a l lo w e r  c e l l s  o f  th e  same b o re  
however t e n d  to  r e m a in  w i t h  a  f l a t  e x t i n c t i o n  v o l t a g e  Ve and o f t e n  e x t i n g u i s h  
a t  a  low er  c u r r e n t  t h a n  do th e  d e e p e r  c e l l s .
6 .5 ________ M o d i f i c a t i o n s  t o  t h e  Theory  f o r  t h e  R e s t r i c t e d  Glow
The r e a s o n  f o r  th e  b e h a v io u r  o u t l i n e d  above i s  complex and n o t  
e n t i r e l y  u n d e r s to o d .  I t  i n v o lv e s  th e  f a c t  t h a t  i n  th e  r e s t r i c t e d  glow th e  
p a th  f o r  th e  m ost e f f i c i e n t  i o n i z a t i o n  o f  th e  gas  may n o t  n e c e s s a r i l y  be 
d i r e c t e d  a lo n g  th e  f i e l d  l i n e s .  Thus th e  e f f e c t i v e  d e p th  as  f a r  a s  th e  
i o n i z a t i o n  to  be  e x p e c te d  i s  c o n c e rn e d  may w e l l  b e  a s  g r e a t  a s  th e  c e l l
d i a g o n a l  o f  / d ^ + b ^ .  The e f f e c t i v e  p o i n t  o f  r e s t r i c t i o n  may be low er
th a n  t h a t  p o i n t  (P^ o f  F ig u r e  C2) w hich i s  c a l c u l a t e d  by a ssu m in g  d i s  th e  
e f f e c t i v e  d e p th .  A l th o u g h  th e  e f f e c t i v e  d e p th  f o r  r e s t r i c t i o n  may v a r y '  
w i t h i n  th e  l i m i t s  o f  from  d to  / d ^  + b^ th e  one c h o sen  by  th e  g low d i s c h a r g e
i s  a lw ays  t h a t  w hich g iv e s  th e  s m a l l e s t  p o s s i b l e  v o l t a g e  f o r  th e  g iv e n  c u r r e n t .
T hus , o n ly  i f  P^ l i e s  above P^ on th e  F^ c u rv e s  w i l l  an  e f f e c t i v e  d e p th  g r e a t e r  
th a n  d e v e r  be ch o sen .
I t  i s  e a s i e s t  to  i l l u s t r a t e  t h i s  p o i n t  by c o n s i d e r i n g  f i r s t  t h e
breakdow n v o l t a g e s .  I n  F i g u r e  43 we show th e  breakdow n v o l t a g e s  f o r  p a n e l
GP 203 m easu red  i n  neon  n e a r  t h e  minimum v a lu e  V and e x te n d in g  to w a rd ssm
low er p r e s s u r e  v a lu e s  on th e  l e f t  hand s i d e  o f  th e  P a sc h en  c u r v e .  These
m easurem en ts  w ere  made u s in g  th e  c u r r e n t  i n t e r r u p t  method o u t l i n e d  i n
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C h a p te r  5 ,  s e c t i o n s  5 . 4 . 2  and 5 . 4 . 3 .  T h is  p r o v id e s  a  dynamic method f o r  
m e a su r in g  th e  r e s t r i k e  and e x t i n c t i o n  v o l t a g e s , ,  i f  t h e  c u r r e n t  i s  a l lo w e d  
to  decay  be low  th e  e x t i n c t i o n  v a lu e  when th e  a p p l i e d  v o l t a g e  i s  m o m e n ta r i ly  
d ropped  j u s t  be low  th e  e x t i n c t i o n  v o l t a g e  V . When th e  v o l t a g e  i s  r e ­
a p p l i e d  i t  r i s e s  f i r s t  to  th e  r e s t r i k e  v a lu e  w here  i t  r e m a in s  u n t i l  t h e  
c u r r e n t  c an  a g a i n  b u i l d  up to  above th e  e x t i n c t i o n  v a l u e .  Only th e n  can  
th e  v o l t a g e  r e v e r t  to  th e  ru n n in g  v a l u e .  I n  t h i s  way b o th  th e  e x t i n c t i o n
and s t r i k e  v o l t a g e s  c a n  be p ic k e d  o u t  and m easu red  d y n a m ic a l ly  and t h e n
p l o t t e d  a g a i n s t  c h a n g in g  v a lu e s  o f  th e  p r e s s u r e  as  we h av e  shown i n  F ig u r e  
43. .
Some i n t e r e s t i n g  f e a t u r e s  can  be s e e n .  F i r s t  th e  minimum v o l t a g e
V o c c u rs  a t  a  c o n s t a n t  r e d u c e d  f i e l d  v a lu e  r) and so  i n d i c a t e s  t h a t  a g a in  sm sm
any p o s s i b l e  3 e f f e c t  a t  th e  c a th o d e  i s  n e g l i g a b l y  s m a l l ,  se e  A ppendix  B.
The " c r e e p  on" e f f e c t  o c c u rs  a t  a v o l t a g e  w h ich  i n c r e a s e s  from  410 to  460
v o l t s  a s  th e  b o r e  o f  th e  c e l l  d e c r e a s e s  from  th e  l a r g e s t  to  t h e  s m a l l e s t  
d i a m e te r .  Note t h e s e  v o l t a g e s  a r e  a l s o  found  to  be  d e p e n d e n t  on th e  a v e ra g e  
c u r r e n t  w hich  th e  c e l l  i s  a l lo w e d  to  c o n d u c t  a f t e r  i t  h a s  s t r u c k .
As we show l a t e r  t h i s  e f f e c t  i s  th e  r e s u l t  o f  v a r i a t i o n  i n  th e  
d e n s i t y  o f  th e  gas  i n  th e  r e g i o n  o f  th e  c a th o d e  f a l l  w hich  depends on th e  
d i s s i p a t i o n  and gas  h e a t i n g  t h e r e .  However, th e  v o l t a g e s  shown h e r e  w ere  
t a k e n  f o r  a  v e ry  low mean c u r r e n t  i n  th e  c e l l  o f  o n ly  one m ic roam pere  when 
i t  i s  t h o u g h t  d e n s i t y  v a r i a t i o n s  s h o u ld  be n e g l i g i b l y  s m a l l .
As th e  p r e s s u r e  i s  r e d u c e d  be low  th e  v a lu e  o f  th e  P a sc h en  minimum 
th e  v o l t a g e s  s t a r t  to  r i s e  s h a r p l y  u n t i l  a t  a  p r e s s u r e  w hich  v a r i e s  w i t h  
th e  c e l l  b o re  t h e r e  i s  n o t  s u f f i c i e n t  gas b e tw e e n  th e  e l e c t r o d e s  f o r  enough 
i o n i z a t i o n  to  o c c u r  f o r  t h e  glow d i s c h a r g e  to  be s u s t a i n e d .  F o r  th e  w id e r  
c e l l s  t h i s  p r e s s u r e  i s  s m a l l e r  t h a n  e x p e c te d  on a  s t r a i g h t f o r w a r d  c a l c u l a t i o n  
b a s e d  on e q u a t i o n s  4 .3 8  and 4 .3 9 ,  see  th e  d a sh ed  l i n e s  shown i n  th e  F ig u r e  43 . 
C o n v e r s e ly ,  c a l c u l a t i o n s  b a s e d  on an e f f e c t i v e  p a th  f o r  th e  r e s t r i c t e d  glow 
o f  b e tw e en  d and J d^ + b^  , th e  d o t t e d  l i n e s ,  i n d i c a t e  t h a t  t h i s  l o n g e r  
d i s c h a r g e  p a th  c an  now p r o v id e  enough i o n i z a t i o n  i n  o r d e r  to  e x p l a i n  th e  
e x p e r im e n ta l  o b s e r v a t i o n s  f o r  th e  s t r i k e  v o l t a g e s .  S i m i l a r l y ,  i t  s h o u ld  be 
p o s s i b l e  to  e x p l a i n  why th e  e x t i n c t i o n  v o l t a g e s  o b s e rv e d  when th e  gas  i s  
r e s t r i c t e d  a p p e a r  to  be  s m a l l e r  tha,n th o s e  a n t i c i p a t e d ,  s e e  F i g u r e s  41 and 
42. To i n c l u d e  t h i s  e f f e c t  would r e q u i r e  e x t e n s i v e  m o d i f i c a t i o n s  to  t h e  
com puter  c u rv e  f i t t i n g  p ro g ra m s .  These p rogram s a r e  d e s c r i b e d  i n  t h e  n e x t  
C h a p te r .  The m o d i f i c a t i o n s  would have to  a l lo w  d i s c h a r g e  p a th s  b e tw e e n  d 
and / d ^  + b^ d e p e n d in g  on w h ic h e v e r  p a th  g iv e s  th e  s m a l l e s t  r u n n in g  v o l t a g e .
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In  f a c t  w hat we have  done i s  s im p l e r  and we show t h a t  f o r  a few s e l e c t e d  
c u r v e s ,  th o s e  w i th  w ide  b o r e s  w o rk in g  a t  low gas d e n s i t i e s ,  and by c h o o s in g  
th e  e f f e c t i v e  p a t h  a p p r o p r i a t e l y  b e tw e en  d and / d^ + ^2 t h a t  we c a n  b r a c k e t  
th e  e x p e r i m e n t a l  c h a r a c t e r i s t i c s  w i t h  p o s s i b l e  t h e o r e t i c a l  o n e s . These 
c a l c u l a t i o n s  a r e  i l l u s t r a t e d  i n  F ig u re  44 f o r  some r e s t r i c t e d  glow c u rv e s  
w i th  o th e r w i s e  s i m i l a r  p a r a m e te r s  to  th o s e  shown i n  F ig u re  40. F u r t h e r  
r e f in e m e n t  was n o t  c o n s id e r e d  e s s e n t i a l  h e r e  b e c a u s e  u n d e r  t h e s e  c o n d i t i o n s  
th e  c h a r a c t e r i s t i c s  e i t h e r  " c r e e p  on" o r  a r e  v e r y  c l o s e  to  i t  and so  a r e  n o t  
s u i t a b l e  f o r  u se  i n  th e  c e l l s  o f  memory d i s p l a y  p a n e l s .
6 .6 ________ The E f f e c t  o f  Gas H e a t in g  •
i
As we show i n  F ig u r e  40 t h e r e  a r e  o t h e r  im p o r t a n t  m o d i f i c a t i o n s  
n e c e s s a r y  to  th e  s im p le  t h e o r y  o u t l i n e s  so  f a r  w hich  i t  i s  n e c e s s a r y  to  
i n t r o d u c e  b e f o r e  an  a d e q u a te  e x p l a n a t i o n  c an  be p r o v id e d  f o r  a l l  t h e  e s s e n t i a l  
f e a t u r e s  o f  t h e  v o l t a g e  c u r r e n t  c h a r a c t e r i s t i c s .  T h is  i s  e s p e c i a l l y  so f o r  
th e  p a n e l s  w i t h  th e  t h i n  a n o d iz e d  a lum in ium  s p a c e r s  w hich  u se  t h e  f i n e l y  
d r i l l e d  h o l e s  w i t h  b o r e s  l e s s  th a n  100 pm w id e .
I t  i s  e v i d e n t  from F ig u re  39 t h a t  a l t h o u g h  th e  s i m i l a r i t y  b e tw e en  
th e  r u n n in g  c h a r a c t e r i s t i c  c u rv e s  i s  a p p a r e n t  a t  low power W, a s  W i s  r a i s e d  
th e  v o l t a g e  o f  th e  f i n e r  b o r e  c e l l s ,  w hich  a l s o  have  th e  h i g h e r  gas  d e n s i t i e s ,  
t e n d s  to  r i s e  more s t e e p l y  t h a n  do th e  c e l l s  w i th  w id e r  b o r e s  and lo w er  
d e n s i t i e s .  Roughly  s i m i l a r  i n c r e a s e s  o f  v o l t a g e  o c c u r  as  th e  power i s  
i n c r e a s e d  w h a te v e r  th e  i n i t i a l  Nb p r o d u c t ,  e x c e p t  when Nb i s  s m a l l  enough 
f o r  th e  glow i n  w id e r  c e l l s  to  become r e s t r i c t e d .  Under t h e s e  c i r c u m s ta n c e s  
th e  v o l t a g e  o f  t h e  w id e r  c e l l s  s t a r t s  to  i n c r e a s e  more r a p i d l y  and f i n a l l y  
o v e r t a k e s  th o s e  o f  t h e  f i n e r  c e l l s  w i th  th e  same Nb p r o d u c t .
H e a t in g  o f  th e  gas i s  a  f a i r l y  o b v io u s  p o s s i b i l i t y  w h ich  m ig h t  
a c c o u n t  f o r  t h e s e  r e s u l t s .  I f  th e  gas  i n  th e  r e g i o n  o f  t h e  c a th o d e  becpmes 
a p p r e c i a b l y  h o t t e r  t h a n  t h a t  e l s e w h e re  i n  th e  c e l l ,  t h e n  N, th e  gas d e n s i t y ,  
w i l l  f a l l  i n  th e  h o t t e r  zone w i t h  a  c o n s e q u e n t  d ro p  i n  th e  Nb p r o d u c t  and 
so a l s o  t h e  v o l t a g e  w i l l  r i s e .
J .  Sm ith  h a s  i n v e s t i g a t e d  e x p e r i m e n t a l l y  th e  c o n seq u e n c e s  o f  gas  
d e n s i t y  v a r i a t i o n s  a lo n g  th e  d i s c h a r g e  p a th  due to  h e a t i n g .  He u se d  b o th
p l a n e a n d  s p h e r i c a l  c a t h o d e s g e o m e t r i e s .  F . A. Benson and
(59) . . . .P . M. Chalm ers have  p e rfo rm e d  a s i m i l a r  a n a l y s i s  f o r  c y l i n d r i c a l
g e o m e t r i e s .  These e x p e r im e n ts  c o n f i rm e d  th e  p r e v i o u s l y  h e ld  v iew  t h a t
o v e r  95% o f  t h e  ohmic h e a t  w hich  i s  d i s s i p a t e d  i n  th e  c a th o d e  f a l l  r e g i o n
o f  th e  glow i s  d e l i v e r e d  s t r a i g h t  o n to  th e  c a th o d e  s u r f a c e .  Only th e
-  64 "
r e m a in in g  s m a l l  p e r c e n ta g e  i s  c o n v e r t e d  d i r e c t l y  to  th e rm a l  e n e rg y  o f  t h e
g a s .  We t h e r e f o r e  assume t h a t  h e r e  a l s o  th e  gas i s  h e a te d  i n  th e  f i r s t
i n s t a n c e  m a in ly  by  b e in g  i n  c o n t a c t  w i t h  th e  c a th o d e .  The c a th o d e  w i l l
assume a t e m p e r a tu r e  AT i n  e x c e s s  o f  i t s  s u r r o u n d in g  t e m p e r a tu r e  T, i n
d e g r e e s  a b s o l u t e ,  w hich  i s  p r o p o r t i o n a l  to  i t s  r a t e  o f  l o s s  o f  h e a t  as
g iv e n  by N e w to n 's  Law o f  c o o l i n g .  I n  e q u i l i b r i u m  t h i s  w i l l  b e  p r o p o r t i o n a l
to^ th e  r a t e  o f  d i s s i p a t i o n  W, a ssum ing  t h a t  a l l  th e  v o l t a g e  d rop  o c c u r s  i n
th e  c a th o d e  f a l l  i t s e l f .  The r a t e  o f  c o o l i n g  w i l l  how ever be i n v e r s e l y
2p r o p o r t i o n a l  t o  th e  c a th o d e  a r e a  Tib / 4 .  The r e l a t i v e  t e m p e r a tu r e  r i s e  i n  
th e  g as  w i l l  a l s o  be p r o p o r t i o n a l  t o  AT/T. Thus i f  T i s  th e  gas  t e m p e r a tu r e  
from  now on, th e n :
Where E i s  a  c o n s t a n t  to  be d e te rm in e d  e x p e r i m e n t a l l y  and h a s  th e  d im e n s io n s  
2o f  mm / w a t t .  I f  th e  c a th o d e  f a l l  r e g i o n  i s  s m a l l  w i t h  r e s p e c t  to  th e  o t h e r  
volume i n  th e  p a n e l  th e n  th e  d e n s i t y  N i n  th e  c a th o d e  f a l l  w i l l  be  g iv e n  i n  
r e l a t i o n  to  Nq e l s e w h e r e  by  assum ing  a c o n s t a n t  p r e s s u r e .  T h is  means t h a t  
th e  d e n s i t y  i s  r e d u c e d  by  a r a t i o  ' r '  g iv e n  by :
N 1
r  N 1 + AT/T o
T h is  r e d u c t i o n  i n  d e n s i t y  r ,  h a s  b e e n  i n s e r t e d  i n  th e  fo rm u la e
f o r  th e  i o n i z a t i o n  c o e f f i c i e n t  a  , f o r  th e  re d u c e d  f i e l d  q ,  and f o r  th e  i o n
m o b i l i t y  y+ , r e s p e c t i v e l y  e q u a t i o n s  4 .1 ,  4 .1 0  and 4 .1 5 .  See A ppend ix  D.
T h is  i s  e x p la i n e d  i n  g r e a t e r  d e t a i l  i n  th e  n e x t  C h a p te r  w h ich
d e a l s  w i t h  th e  com puter  p rog ram . However, w i th  t h e s e  m o d i f i c a t i o n s  to  t h e
p rog ram , f i t s  such  a s  t h a t  shown i n  F ig u re  40 c a n  be  o b t a i n e d .  The v a lu e
o f  th e  p a ra m e te r  E i n  t h i s  c a s e  c o r r e s p o n d s  to  a  15.7% r i s e  i n  t h e  a b s o l u t e
2t e m p e ra tu re  p e r  watt/mm  o f  h e a t i n g  power d e l i v e r e d  to  th e  c a th o d e .  For
2 2 th e  n a rro w  c e l l s  th e  p a r a m e te r  W/b can  r e a c h  a b o u t  5 w a tts /m m  w hich
c o r r e s p o n d s  to  a  s u b s t a n t i a l  t e m p e ra tu re  r i s e  o f  some 75%. T h is  means
t h a t  t h e  gas t e m p e ra tu re  c an  r i s e  to  a b o u t  250°C due t o  h e a t i n g  from  th e
c a th o d e  a lo n e .
D i r e c t  h e a t i n g  o f  th e  gas may a l s o  be  i n v e s t i g a t e d  i n  a  s i m i l a r  
manner by t h i s  c u rv e  f i t t i n g  t e c h n i q u e .  I n  t h i s  c a s e  th e  gas h e a t i n g  i s  
m ost l i k e l y  to  be a f u n c t i o n  o f  th e  r ed u c e d  f i e l d  q a l o n e ,  and t h e r e f o r e  to
1 + EW , 2
- 1 6 .7
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2be p r o p o r t i o n a l  to  W/(Nb) t o  a  f i r s t  a p p ro x im a t io n ,  s e e  e q u a t i o n ; 4 .1 9 .  I f  
th e  t o t a l  t e m p e r a tu r e  r i s e  i s  s im p ly  th e  sum o f  th e  two i n d i v i d u a l  t e m p e ra tu re  
r i s e s  we o b t a i n  th e  m o d i f ie d  fo rm  o f  e q u a t i o n  6 .7  g iv e n  be low :
r  = ' EW QW ~ ' - l2 2 b (Nb)
6 . 8
H ere  a g a i n  Q i s  a  c o n s t a n t  to  be d e te rm in e d  e x p e r i m e n t a l l y .  Note
E and Q a r e  s e p a r a b l e  b e c a u s e  o f  t h e i r  d i f f e r e n t  dependence  on N and b .  Q
does n o t  i n t e r f e r e  w i t h  th e  s i m i l a r i t y  b e tw e en  c u rv e s  w i t h  th e  same Nb p r o d u c t
as does E . I t  m e re ly  a l t e r s  th e  sh a p e  o f  th e  c u rv e s  from  th o s e  g iv e n  by . th e
s im p le  t h e o r y  when V i s  p l o t t e d  a g a i n s t  W. The s im p le  t h e o r y  s u g g e s t s  t h a t
c u rv e s  s h o u ld  have  a s l i g h t  downward c u r v a t u r e  a s  W i n c r e a s e s  on th e  p o s i t i v e
r e s i s t a n c e  s i d e  o f  th e  c h a r a c t e r i s t i c s .  However i n  p r a c t i c e  t h e  c u rv e s  t a k e n
i n  neon  gas  a r e  a lm o s t  l i n e a r .  The v a lu e  o f  Q o b t a i n e d  from  c u rv e  f i t t i n g  i s
a b o u t  1.7% (cm torr)^ /m W  i n  p r a c t i c a l  u n i t s .  T h is  g iv e s  a  f u r t h e r  t e m p e r a tu r e
r i s e  o f  up t o  + 50°C above room te m p e ra tu re  when t h e s e  c e l l s  a r e  o p e r a t e d
2A 2a t  1 .4  cm t o r r  (Nb = 5 .1  10 atom s/m  ) and a t  a  p eak  power o f  some 20 mW.
These h e a t i n g  e f f e c t s  a r e  c o n s i d e r a b l e ,  i f  r e a l  a s  we b e l i e v e  them
to  b e ,  b e c a u se  th e  w hole  p a n e l  h e a t s  up to  a b o u t  100°C when d i s p l a y i n g  a  f u l l
s c r e e n  m essag e . N orm ally  p a n e l s  a r e  f a n  c o o le d  when w ork ing  i n  o r d e r  t o  keep
th e  e n v e lo p e  t e m p e ra tu re  c o n s t a n t .  Note a l s o  t h a t  th e  c a l c u l a t i o n s  have  b e e n
g iv e n  f o r  th e  w o r s t  c a s e s ,  t h a t  o f  th e  f i n e  b o r e  h o l e s  o f  ^  100 ym d i a m e t e r .
The h e a t i n g  f o r  c e l l s  o f  300 ym d ia m e te r  n o r m a l ly  u sed  i n  th e  d i s p l a y  p a n e l s
i s  some n in e  t im e s  l e s s .  These c e l l s  a r e  f i l l e d  t o  gas  d e n s i t i e s  c o r r e s p o n d in g
24 2to  'v 2 .5  cm t o r r  (Nb = 8 . 9  10 atom s/m  ) o p e r a t i n g  a t  a b o u t  10 mW p e r  c e l l .  
Thus th e  r i s e  i n  t e m p e r a tu r e  above a m b ie n t  i s  o n ly  a b o u t  6°C due to  c a th o d e  
h e a t i n g  b u t  a b o u t  8°C due to  d i r e c t  gas h e a t i n g  a c c o r d in g  to  t h i s  c u rv e  • 
f i t t i n g  a n a l y s i s .
The c h a r a c t e r i s t i c s  o b t a in e d  f o r  t h e s e  p a n e l s  when f i l l e d  w i t h  
p u re  xenon gas a r e  d i s c u s s e d  i n  C h a p te r  8 . I t  i s  shown t h e r e  t h a t  gas  
h e a t i n g  v i a  th e  c a th o d e  i s  th e  o n ly  im p o r t a n t  p r o c e s s  i n  xenon and t h i s  i s  
c o n f i rm e d  by th e  c h a r a c t e r i s t i c s  w hich  h a v e  a v e ry  p ro nounced  downward 
c u r v a t u r e .  See F ig u r e  5 5 .  j •
6 .5  An A l t e r n a t i v e  P r e s e n t a t i o n  o f  th e  D a ta
I t  m ig h t  be supposed  a t  t h i s  s t a g e  t h a t  i f  a  s u f f i c i e n t  number o f  
p a ra m e te r s  a r e  i n t r o d u c e d  t h a t  f i t s  to  e x p e r im e n ta l  r e s u l t s  may be o b t a i n e d
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w i th  any t h e o r y .  T h is  p o i n t  how ever depends a l s o  on th e  number o f  i n d e p e n d e n t
v a r i a b l e s  w h ich  c a n  be  changed  by th e  e x p e r i m e n t e r .  Here th e  v o l t a g e  was
m easured  f o r  changes  i n  c u r r e n t ,  gas  d e n s i t y ,  c e l l  d e p th  and b o r e .  N orm ally
a minimum o f  one c o n s t a n t  p e r  p a r a m e te r  can  be  f i t t e d .  A w e l l  known exam ple
i s  th e  s t r a i g h t  l i n e  f i t  w hich  h a s  t h e  p a r a m e te r s  (x ,  y) f i t t e d  by c o n s t a n t s
( a ,  b) w here  y  = a + b x ;  s i m i l a r l y ,  t h e  p l a n e  f i t  i n  t h r e e  d im e n s io n s  h a s
t h r e e  c o n s t a n t s ,  s e e  A ppendix  B.
Here we f i t  p r i n c i p a l l y  th e  c a th o d e  c o n s t a n t  K and th e  w a l l  l o s s
c o n s t a n t  k  to  th e  s t r i k e  v o l t a g e  v a lu e s  ( z e r o  c u r r e n t ) . F u r t h e r  we th e n
*
f i t  a d i f f e r e n t  w a l l  c o n s t a n t  k  and a power d i s s i p a t i o n  f a c t o r  WQ t o  t h e  
ru n n in g  v o l t a g e  when th e  c u r r e n t  i s  f lo w in g .  The gas  c o n s t a n t s  G and C a r e  
b o th  t a k e n  from  W ard’ s t a b l e s  a l t h o u g h  i t  i s  p o s s i b l e  t o  o b t a i n  a  b e t t e r  
f i t  by  a l l o w in g  C a l s o  to  be  f i t t e d  to  t h e  d a t a .
Thus i t  would  a p p e a r  t h a t  a t  l e a s t  one c o n s t a n t  i s  a v a i l a b l e  f o r
u se  i f  a  p l a n a r  c u rv e  i n  f i v e  d im e n s io n s  w ere  to  b e  f i t t e d .  We have  c h o sen  
t h i s  to  be th e  h e a t i n g  p a r a m e te r  a l t h o u g h  i t  i s  e v i d e n t  t h a t  due t o  th e  two 
m ethods o f  h e a t i n g  t h i s  m ust be  d i v id e d  i n t o  two s e p a r a t e  c o n s t a n t s  E and Q.
N e v e r t h e l e s s ,  a s  we m en t io n ed  i n  th e  i n t r o d u c t i o n  to  t h i s  C h a p te r ,  
cu rve  f i t t i n g ,  a l t h o u g h  e a s y  to  u n d e r s t a n d  i s  n o t  p a r t i c u l a r l y  i n f o r m a t i v e .  
What i s  r e q u i r e d  i s  some r e p l o t t i n g  o f  th e  d a t a  i n  a  form i n  w hich  i t  can  
more e a s i l y  be  i d e n t i f i e d  w i t h  th e  t h e o r e t i c a l  c u rv e s  w hich  i t  i s  su p p o sed  
to  f i t .
A l th o u g h  n , t h e  r e d u c e d  f i e l d ,  c a n n o t  be  d i r e c t l y  c a l c u l a t e d
b e c a u s e  th e  d i s t a n c e  f  o f  th e  c a th o d e  f a l l  i s  to o  s m a l l  to  be m easu red  i n
t h e s e  d i s p l a y  c e l l s ,  y e t  th e  v a lu e  can  be i n f e r r e d  from  e q u a t i o n  4 .1 9 .  T h is
2comes from  th e  P o i s s o n  e q u a t i o n  and p r e d i c t s  ri t o  be  a power o f  W/(Nb) 
d e p e n d in g  on th e  p a r t i c u l a r  form  o f  th e  i o n  m o b i l i t y  c h o s e n ,  s e e  e q u a t i o n  4 .1 5
In  d i s p l a y  c e l l s  we have  supposed  t h a t  th e  h ig h  f i e l d  fo rm  f o r  th e  m o b i l i t y
•  •  (  +  f
i s  a p p r o p r i a t e  w i t h  th e  i o n  v e l o c i t y  v  , d e p e n d in g  on th e  s q u a re  r o o t  o f  t h e
(6}r e d u c e d  f i e l d  as  d e r i v e d  by  L i t t l e  and Von E n g e l  . The low f i e l d  fo rm  i s  
o f  c o u rs e  l i n e a r  w i th  q ,  and i t  i s  p o s s i b l e  t h a t  a t  v e r y  h ig h  f i e l d  v + w i l l  
s a t u r a t e  and be in d e p e n d e n t  o f  q .  I f  th e  dependence  i s  a s  q V th e n  i t  i s  e a s y  
to  show t h a t :
WrV
(Nb) 2
2 + V 6 .9
F u r t h e r ,  th e  i o n i z a t i o n  i n t e g r a l  F i t s e l f  t e n d s  to  * r ’ a s  th e  r e d u c e d  f i e l d
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ri i s  a l lo w e d  to  r i s e  t o  h ig h  enough v a l u e s .  T h is  can  be  deduced  from  
e q u a t i o n  4 .9  on i n s e r t i n g  th e  c o r r e c t i o n  f a c t o r  r ,  f o r  th e  gas  h e a t i n g .  
Thus i t  c an  be  s e e n  from  e q u a t i o n  4 .8  t h a t  a t  h ig h  enough n we o b t a i n :
r  i s  c o n s t a n t ,  a p p ro a c h  a l i n e a r  r e l a t i o n s h i p  whose s lo p e  i s  1 / ( 2  + v) and 
from w hich  v can  be  d e d u c ed .  Such a p l o t  i s  shown i n  F ig u r e  4 5 (a )  f o r  th e  
l a r g e r  d ia m e te r  c e l l s  (b = 300 ym ). A lso  shown i s  th e  l i n e  f o r  V = \  
c o r r e s p o n d in g  t o  th e  h ig h  f i e l d  a p p ro x im a t io n  f o r  th e  m o b i l i t y .  From t h i s  
g rap h  i t  w ould a p p e a r  t h a t  t h i s  i s  a  good a p p ro x im a t io n  f o r  th e  m o b i l i t y  and 
a l s o  t h a t  f o r  th e  l a r g e r  c e l l s  gas  h e a t i n g  i s  n o t  v e ry  s i g n i f i c a n t .
a t  f i r s t  t h a t  t h e s e  r e s u l t s  c o u ld  be  e x p la i n e d  by s u p p o s in g  th e  i o n  v e l o c i t y
s a t u r a t e s  a t  h ig h  enough f i e l d s ,  i . e .  v = 0 .  However, c l o s e r  e x a m in a t io n
o f  th e  r e s u l t s  p r e s e n t e d  i n  F ig u re  46 w i l l  r e v e a l  t h a t  i t  i s  t h e  c e l l s  w i t h
th e  h i g h e r  Nb p r o d u c t  w hich  have  th e  s t e e p e r  s lo p e s  a t  th e  same v a l u e s  o f
red u c e d  f i e l d  r\. These r e s u l t s  can  b e s t  be  a c c o u n te d  f o r  by a dependence  o f  
2 2r  on b o t h  VJ/(Nb) and W/b as  p ro p o se d  i n  t h e  l a s t  s e c t i o n .
6.10
F i n a l l y ,  t a k i n g  lo g a r i th m s  o f  b o th  e q u a t i o n s  6 .9  and 6 .1 0  we o b t a i n :
(Nb)
^  P T T * ^  l n ( r )  + ln (H o) l n  r
I
P 6.11
2Thus a  p l o t  o f  ln (V ) a g a i n s t  ln{W/(Nb) } s h o u ld  y i e l d  l i n e s  w h ic h ,  p r o v id e d
C o n v e r s e ly ,  we show a s i m i l a r  p l o t  i n  F ig u re  4 (b )  f o r  t h e  s m a l l e s t  
cLcccm efcer c e l l s  (b = 93 ym ). Here th e  c u rv e s  a c t u a l l y  c u t  e a c h  o t h e r  and 
have  f i n a l  s l o p e s  even  s t e e p e r  th a n  th e  l i n e  f o r  v = I t  m ig h t  be  th o u g h t
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7 . THE COMPUTER PROGRAM
7 .1 I n t r o d u c  t i  on
A l th o u g h  i n  p r i n c i p a l  th e  e x p e r i m e n t a l l y  m easu red  v o l t a g e  c u r r e n t  
c h a r a c t e r i s t i c s  o f  c e l l s  c a n  be  compared w i t h  th e  t h e o r y  u s in g  a  g r a p h i c a l  
m a n i p u la t i o n  o f  t h e  p ro b le m , a s  i l l u s t r a t e d  i n  th e  A ppendix  C, y e t  i n  
p r a c t i c e  t h i s  would  b e  e x t r e m e ly  t e d i o u s .  A com pute r  b a s e d  m ethod was 
t h e r e f o r e  r e q u i r e d  w i t h  w h ich  to  t e s t  th e  t h e o r y  a g a i n s t  e x p e r im e n t s .
However, such  a  method i s  n o t  o n ly  more com plex b u t  i t s  u s e  can  
remove -the d e s i g n e r  one s t a g e  f u r t h e r  away from  b e in g  a b le  to  v i s u a l i s e  and 
so  i n t e r p r e t  th e  e x a c t  m eaning  o f  h i s  r e s u l t s .  I t  i s  more complex b e c a u s e  
o f t e n  many s i m i l a r  c a l c u l a t i o n s  m ust be  r e p e a t e d  i n  th e  p r o c e s s  o f  f i n d i n g  
th e  s o l u t i o n .  T h is  c a n  be  p e rfo rm e d  g r a p h i c a l l y  o f  c o u r s e ,  by a  s im p le  
smooth i n t e r p o l a t i o n  b e tw e en  a few p o i n t s  a l r e a d y  c a l c u l a t e d  on th e  two 
c u rv e s  whose i n t e r s e c t i o n  th e n  d e f i n e s  th e  s o l u t i o n  r e q u i r e d .  I f  t h e  
s o l u t i o n  c an  be e x p r e s s e d  i n  th e  fo rm  o f  a  u n i v e r s a l  p l o t  as  f o r  i n s t a n c e  
i s  th e  c a s e  f o r  th e  b reak -d o w n  v o l t a g e s ,  t h e n  such  a p l o t  c an  b e  u s e d  a g a in  
and a g a i n ,  once i t  h a s  b e e n  draw n, f o r  th e  p r o c e s s  o f  f i n d i n g  any  number o f  
o t h e r  s o l u t i o n s .  T h is  i s  n o t  th e  c a se  w i t h  t h e  com puter  a l t e r n a t i v e .  Added 
t o  t h i s  many o f  t h e  c a l c u l a t i o n s  a r e  t im e  consuming b e c a u s e  th e y  i n v o l v e  a 
l a r g e  number o f  c a l c u l a t i o n s .  F o r  i n s t a n c e ,  th e  s o l u t i o n  o f  a n  i n t e g r a l  
e q u a t i o n  i s  a  common r e q u i r e m e n t .  However, th e  r e s u l t i n g  f u n c t i o n s  a r e  
o c c a s i o n a l l y  v e r y  s i m i l a r  i n  sh a p e  t o  s im p le r  f u n c t i o n s  and so w h e re v e r  
p o s s i b l e  such  s im p le r  a p p ro x im a t io n s  have  b e e n  u se d  i n s t e a d  to  r e p r e s e n t  t h e  
more complex q u a n t i t i e s  c o n c e rn e d .  An example i s  th e  shape  o f  th e  p o t e n t i a l  
d i s t r i b u t i o n  i n  th e  c a th o d e  f a l l  w hich  was found  to  depend o n ly  on th e  
n a tu r e  o f  th e  c a th o d e  m a t e r i a l  and i s  a p p ro x im a te d  by  a s im p le  f u n c t i o n ,  
see  e q u a t i o n  3 . 3 .  The d i s t r i b u t i o n  i s  needed  i n  th e  k e r n e l  o f  an  i n t e g r a l  
e q u a t i o n  so c l e a r l y  th e  u se  o f  i t s  a p p ro x im a t io n  s a v e s  a n  enormous amouiit 
o f  com puter  t im e .
A number o f  p rogram s have  b e e n  w r i t t e n  d u r in g  th e  c o u r s e  o f  t h i s  
w ork , n o t  o n ly  to  im prove th e  e f f i c i e n c y  o f  t h e  c o m p u ta t io n  b u t  m a in ly  to  
t e s t  o u t  new i d e a s  a s  p a r t  o f  t h e  e v o l u t i o n  o f  t h e  t h e o r e t i c a l  m odel a g a i n s t  
th e  a c t u a l  e x p e r i m e n t a l  r e s u l t s .  E very  t im e  an  a d d i t i o n a l  p h y s i c a l  p r o c e s s  
i s  c o n s id e r e d  th e  p rogram  m ust be  ch an g ed .  Many d i f f e r e n t  i d e a s  h a v e  b e e n  
t r i e d  o u t  t h i s  way and th e  m a j o r i t y  r e j e c t e d  b e c a u s e  th e y  a r e  n o t  c o n s i s t e n t  
w i th  th e  e x p e r i m e n t a l  f a c t s .  F o r  i n s t a n c e ,  a  f i e l d  d e p e n d e n t  fo rm  o f  t h e  
w a l l  l o s s  was c o n s i d e r e d .  I t  h a s  b e e n  r e p o r t e d  by Grosu and B a r a ^ ^  t h a t
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th e  c e l l  w a l l  c an  b ehave  as  a  s e c o n d a ry  e l e c t r o n  e m i t t e r  i n  w h ich  c a se  th e  
w a l l  would a c t  a s  a  c h a n n e l  e l e c t r o n  m u l t i p l i e r .  The g a in  o f  c h a n n e l  
m u l t i p l i e r s  i s  known to  be s t r o n g l y  d e p e n d e n t  on th e  e l e c t r i c  f i e l d  a c t i n g  
i n s i d e  th e  c h a n n e l  and so  t h i s  s o r t  o f  b e h a v io u r  i n  a  c e l l  would  be  r e f l e c t e d  
i n  a w a l l  l o s s  d ep e n d in g  on th e  r e d u c e d  f i e l d  p .  However, t h e  i n c l u s i o n  o f  
a  p -d e p e n d e n t  w a l l  l o s s  i n  th e  p rog ram  was n o t  a l l  t h a t  s u c c e s s f u l .  The b e s t  
f i t s  w ere  o b t a i n e d  when th e  c o e f f i c i e n t  a s s o c i a t e d  w i t h  t h i s  e f f e c t  was 
e i t h e r  i n s i g n i f i c a n t l y  s m a l l  o r  had  a n e g a t i v e  s i g n .  The l a t t e r  i s  p h y s i c a l l y  
u n r e a l  b u t  does  i n d i c a t e  t h a t  a change i n  th e  p rogram  o f  t h i s  s o r t  c o u ld  
p ro d u ce  a  b e t t e r  f i t  p r o v id e d  some p h y s i c a l  r e a s o n  f o r  i t  c an  b e  fo u n d .
C lo s e r  i n s p e c t i o n  o f  th e  e x p e r im e n ta l  r e s u l t s  t h e n  i n d i c a t e d  t h a t  t h e  w a l l  
l o s s  i n c r e a s e d  q u i t e  d r a m a t i c a l l y  i n  some p a n e l s  once th e  glow was f u l l y  
d e v e lo p e d .  A p h y s i c a l  r e a s o n  f o r  t h i s  b e h a v io u r  was t h e n  d i s c o v e r e d  i n  te rm s  
o f  c h a rg in g  o f  t h e  g l a s s ,  a s  e x p la i n e d  i n  th e  p r e v i o u s  C h a p te r .  T h is  en h an ced  
e l e c t r o n  l o s s ,  due t o  t h e  p o s i t i v e l y  c h a rg e d  w a l l s  n e a r  t h e  c a th o d e , ,  i s  a l s o  
a b le  t o  e x p l a i n . t h e  phenomenon o f  " c r e e p  o n " .
A number o f  o t h e r  i d e a s  were t r i e d  o r i g i n a l l y  t o  e x p l a i n  th e  
l a t t e r  e f f e c t .  One p o s s i b i l i t y  was t h a t  a l t h o u g h  th e  i o n i z a t i o n  e f f i c i e n c y  
i n c r e a s e d  w i t h  an i n c r e a s e  i n  th e  sh a p e  f a c t o r  3 o f  t h e  f i e l d  p ,  p e rh a p s  a t  
h i g h e r  v a lu e s  o f  p ,  th e  maximum v a lu e  w hich  t h e  c r o s s  s e c t i o n  a p p ro a c h e d  
m ig h t  be  l e s s  th a n  i t  was w i t h  s = 1, th e  u n i fo rm  f i e l d  c a s e ,  b e c a u s e  th e  
e l e c t r o n s  w ere  th e n  moving to o  f a s t .  However, th e  f u l l  i m p l i c a t i o n s  o f  t h i s  
i d e a  d id  n o t  e n t i r e l y  a g re e  w i t h  th e  e x p e r im e n ta l  o b s e r v a t i o n  f o r  a l t h o u g h  
a s i g n i f i c a n t  v a lu e  o f  th e  f i t t i n g  c o e f f i c i e n t  was o b t a i n e d ,  i t  c o u ld  n o t  
s im u l t a n e o u s l y  e x p l a i n  th e  s t r i k e  and r u n n in g  v o l t a g e s  v e ry  s a t i s f a c t o r i l y .
A ga in  th e  h e a t i n g  e f f e c t  a lo n e  m ig h t  e x p l a i n  i t  p r o v id e d  th e  
m a j o r i t y  o f  th e  gas  h e a t i n g  was d i r e c t ,  i . e .  d e p e n d e n t  on p a l o n e .  T h is  
h e a t i n g  would  th e n  be  g r e a t e s t  a t  th e  low er  gas d e n s i t i e s  and th e  v o l t a g e  
c o u ld  r i s e  f a s t e r  w i th  p th a n  c o u ld  be c o u n te r e d  by  th e  i n c r e a s e  i n  th e  
i o n i z a t i o n  e f f i c i e n c y  w i t h  s a s  i t  changed  from  one to  i t s  maximum v a l u e ,  sm. 
I t  a p p e a r s ,  how ever ,  from  downward c u r v a t u r e  o f  t h e  c h a r a c t e r i s t i c s ,  t h a t  
h e a t i n g  v i a  th e  c a th o d e  i s  g e n e r a l l y  th e  more im p o r t a n t  p r o c e s s  and t h i s  i s  
m ost n o t i c e a b l e  i n  xenon , as  we show i n  C h a p te r  8 ;  y e t  h e r e  a g a in  " c r e e p  on" 
i s  e v i d e n t  a t  th e  low er  gas d e n s i t i e s .  Thus we f e e l  t h a t  th e  p r e s e n t  p ro g ram  
c o v e rs  th e  s a l i e n t  f e a t u r e s  o f  th e  c e l l  c h a r a c t e r i s t i c s  i n  b o t h  neo n  and 
xenon  g a s .  T h e r e f o r e ,  th e  o t h e r  p rogram s from  w hich  i t  h a s  e v o lv e d ,  a l t h o u g h  
i n t e r e s t i n g ,  w i l l  n o t  be  f u r t h e r  d i s c u s s e d  h e r e  i n  th e  i n t e r e s t s  o f  b r e v i t y .
7 .2  The Main Curve F i t t i n g  P rogram
The c u rv e  f i t t i n g  p rogram  u se d  was w r i t t e n  i n  ALGOL 60 and was b a s e d
( 5 5 )
upon th e  p rog ram  p a c k ag e  c a l l e d  CFIT , d e s ig n e d  by  D. H. P a u l  and  H. S e t h i .
T h is  pack ag e  u s e s  th e  N o tt in g h am  A lg o r i th m s  Group (NAG) l i b r a r y  r o u t i n e ,
E 0 4 F B A ^ ^ ,  w hich  i s  i t s e l f  b a s e d  on a H a rw e l l  FORTRAN r o u t i n e  VA05A and
(6
employs a s t r a t e g y  v e r y  s i m i l a r  to  t h a t  employed by  P ow ell  i n  1968 to  
s o lv e  a s y s te m  o f  n o n - l i n e a r  e q u a t i o n s .  E04FBA f i n d s  th e  l e a s t  s q u a r e s  
s o l u t i o n  o f  M n o n - l i n e a r  e q u a t i o n s  i n  N in d e p e n d e n t  v a r i a b l e s .  Thus M 
c o r r e s p o n d s  to  th e  number o f  e x p e r im e n ta l  o b s e r v a t i o n s  and N t o  t h e  d i f f e r e n t  
c o e f f i c i e n t s  K, k ,  k  , Wq , E, Q, e t c . ,  w hich i t  i s  r e q u i r e d  to  f i t .
E04FBA i s  u se d  h e r e  to  m in im ize  th e  sum o f  s q u a r e s  o f  th e  M 
r e s i d u a l  v o l t a g e s .  The r e s i d u a l  v o l t a g e  i s  t h e  d i f f e r e n c e  b e tw e e n  th e  
o b s e rv e d  v o l t a g e  and  th e  v o l t a g e  c a l c u l a t e d  from  t h e o r y  when th e  c u r r e n t l y  
s e l e c t e d  v a lu e s  o f  th e  c o e f f i c i e n t s  a r e  u s e d .  E04FBA p e r fo rm s  th e  m in i m i z a t i o n  
by a d j u s t i n g  th e  N c o e f f i c i e n t s  i n  s t e p s  i n  such  a  way a s  t o  g iv e  a  s t e a d y  
p r o g r e s s  and a f a s t  r a t e  o f  c o n v e rg e n c e  to w ard s  t h i s  minimum p o i n t  w hich  
c o r r e s p o n d s  to  th e  d e s i r e d  f i t  b e in g  a c h ie v e d .
An o u t l i n e  o f  th e  f i t t i n g  p rogram  i s  shown i n  F ig u r e  46. The u s e r  
i s  r e q u i r e d  by  E04FBA to  p r o v id e  a p r o c e d u r e  f o r  c a l c u l a t i n g  th e  r e s i d u e s  a t  
any p o i n t ,  and a l s o  a  m o n i to r in g  p ro c e d u r e  f o r  p r i n t i n g  o u t  c u r r e n t  v a lu e s  o f  
p a r a m e te r s  w hich  he  c an  s e l e c t  a s  he c h o o s e s ,  i n  o r d e r  t o  m o n i to r  th e  p r o g r e s s  
b e in g  made tow ards  th e  f i n a l  s o l u t i o n .  The CFIT p a c k a g e ,  how ever, does  p r o v id e  
f o r  th e  l a t t e r  i n  th e  fo rm  o f  two m o n i to r  f i l e s .  The f i r s t  c o n t a i n s  a  c o m p le te  
l i s t  o f  th e  i n i t i a l  and f i n a l  f i t s  to  th e  M o b s e r v a t i o n s  w i t h  a  r e c o r d  o f  t h e  
s t e a d y  r e d u c t i o n  i n  th e  sum o f  s q u a r e s  o f  th e  r e s i d u a l s .  The second  l i s t s  
th e  v a lu e s  o f  th e  c o e f f i c i e n t s  and th e  r e s u l t a n t  sum o f  s q u a re s  o f  th e  
r e s i d u a l s  e a c h  t im e  th e  c o e f f i c i e n t s  a r e  c hanged . I n  CFIT t h e  fo rm e r  r e q u i r e ­
m ent i s  a l s o  amended and th e  u s e r  m ust s im p ly  p r o v id e  a p r o c e d u r e  w h i c h , w i l l  
c a l c u l a t e  th e  t h e o r e t i c a l  v o l t a g e  from  th e  c h o s e n  c o e f f i c i e n t s .  I n  o r d e r  t o  
do t h i s  how ever ,  n o t  o n ly  m ust th e  v a lu e s  o f  e ach  o f  th e  c o e f f i c i e n t s  be 
a c c e s s i b l e  b u t  so a l s o  m ust  e a ch  o f  th e  v a lu e s  o f  th e  in d e p e n d e n t  v a r i a b l e  
p a r a m e t e r s .  I n  ou r  c a se  t h e r e  a r e  up to  f o u r  o f  t h e s e ,  i . e .  W, Nb, d and  b .
The s t r a t e g y  a d o p te d  i s  to  d e s i g n a t e  th e  c o e f f i c i e n t s  by  th e  l e t t e r s ,  A, B,
C, D, e t c . ,  w o rk ing  f o rw a r d s ,  and t h a t  o f  th e  v a r i a b l e  p a r a m e te r  by  th e  
l e t t e r s  Z, Y, X, W, e t c . ,  w ork ing  b a c k w a rd s .  The v a lu e s  f o r  a l l  o f  th e  
p o s s i b l e  26 l e t t e r s  a r e  c a t e r e d  f o r ,  w h e th e r  u sed  o r  n o t ,  th ro u g h  a n  a r r a y  
o f  26 e le m e n ts  d e c l a r e d  as  VI £ l : 2 6 ^ j .  Thus th e  v a lu e  o f  A i s  to  be  found
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i n  V l £ l ”| ;  B i n  VI £ 2^), e t c .  The p r o c e d u r e  to  c a l c u l a t e  th e  t h e o r e t i c a l  
v o l t a g e  i s  shown i n  d e t a i l  i n  F ig u r e s  47 and 47b.
The v a lu e s  f o r  th e  v a r i a b l e s  and th e  c o r r e s p o n d in g  o b s e rv e d  
v o l t a g e s  a r e  p r o v id e d  t o  th e  p rog ram  package  i n  th e  fo rm  o f  a  " d a t a  f i l e " ,  
s e e  F i g u r e  46 . T h is  i s  h e a d ed  up by th e  v a lu e s  f o r  th e  two c o n s t a n t s  
a s s o c i a t e d  w i t h  th e  i o n i z a t i o n  c o e f f i c i e n t  o f  th e  p a r t i c u l a r  gas  u s e d ,  
e q u a t i o n  4 . 1 .  These a r e  d e s i g n a t e d  CG and CC r e s p e c t i v e l y  h e r e .  The t o t a l  
number o f  e x p e r im e n ta l  p o i n t s  i s  g iv e n  n e x t ,  f o l lo w e d  by th e  number o f  
in d e p e n d e n t  v a r i a b l e s  i n v o lv e d .  F i n a l l y ,  th e  f u l l  l i s t  o f  th e  v a lu e s  o f  
th e s e  V a r i a b l e s  and th e  c o r r e s p o n d in g  v o l t a g e  o b s e rv e d  i s  g iv e n  p o i n t  by 
p o i n t .  A " f i t t i n g  f i l e "  i s  a l s o  p r o v id e d  to  th e  p ro g ram . T h is  l i s t s  th e  
number o f  c o e f f i c i e n t s  t o  be  f i t t e d  and t h e i r  i n i t i a l  v a l u e s .  I t  a l s o  
c o n ta i n s  th e  answ ers  to  th e  s u b s e q u e n t  q u e s t i o n s  a sk ed  by th e  p rog ram  once  
th e  f i t  h a s  b e e n  found  and w henever a  p l o t  o f  one form  o r  a n o th e r  i s  
r e q u i r e d  i n  o r d e r  to  i l l u s t r a t e  th e  goodness  o f  th e  f i t ,  o r  o t h e r w i s e  to  
make u se  o f  th e  f i t t e d  c o e f f i c i e n t s .
One o f  t h r e e  d i f f e r e n t  ty p e s  o f  p l o t s  may be  c a l l e d  up and any  one 
of th e  v a r i a b l e s ,  up to  f o u r  i n  ou r  c a s e ,  may be  c h o sen  to  p l o t  th e  v o l t a g e s  
a g a i n s t .  The s e l e c t i o n  i s  made by p r o v id i n g  th e  a p p r o p r i a t e  an sw ers  i n  th e  
f i t t i n g  f i l e  o r ,  a s  i s  th e  c a se  w i t h  "USEFIT", by  s e t t i n g  a s w i tc h  i n  th e  
c a l l i n g  m acro . N e x t ,  th e  p rogram  a sk s  f o r  th e  r a n g e  o f  th e  c h o sen  v a r i a b l e s  
o v e r  w hich  a p l o t  i s  r e q u i r e d  i n  te rm s o f  th e  v a lu e s  o f  i t s  u p p e r  and low er  
l i m i t s .  I f  t h e s e  l i m i t s  a r e  e q u a l ,  a n i l  r a n g e ,  t h e n  th e  p ro g ram  w i l l  assume 
t h a t  p l o t s  to  m atch  a l l  t h e  e x p e r i m e n t a l l y  o b s e rv e d  v a lu e s  a r e  r e q u i r e d .
T h is  ;type o f  p l o t  we have  c a l l e d  "PLOTALL". Here th e  r a n g e  o f  t h e  t h e o r e t i c a l  
c u rv e s  i s  th e  same as  t h a t  o f  th e  e x p e r i m e n t a l l y  o b s e rv e d  p o i n t s . A new 
t h e o r e t i c a l  c u rv e  i s  drawn e v e ry  tim e any o t h e r  v a r i a b l e  i s  c h a n g ed .
T his  p a r t  o f  th e  program  has  b e e n  s p e c i a l l y  w r i t t e n  by th e  a u t h o r .  
The ty p e  o f  l i n e  draw n, f u l l ,  d a s h e d ,  e t c . ,  and th e  ty p e  o f  p o i n t  draw n, 
c r o s s ,  c i r c l e ,  e t c . ,  can  be  a l t e r e d  to  c o r r e s p o n d  to  changes  i n  one o f  th e  
o t h e r  v a r i a b l e s  w h i l e  th e  pen  c o lo u r  can  a l s o  be  c hanged , c o r r e s p o n d in g  to  
changes i n  a  t h i r d  v a r i a b l e .  I n  t h i s  way, e f f e c t i v e l y  f o u r - d im e n s io n a l  
p l o t s  can  be g r a p h i c a l l y  d i s p l a y e d .  T h is  ty p e  o f  p l o t  i s  shown i n  F i g u r e s  36 , 
38 and 40.
The CFIT package  n o rm a l ly  p r o v id e s  f o r  a  t h r e e - d i m e n s i o n a l  p l o t ,  
t h e  s o - c a l l e d  "MULTIPLOT" p r o c e s s .  T h is  m u l t i p l y  p l o t  c o n s i s t s  o f  a  c h o se n  
number o f  su p e r im p o se d  c u r v e s ,  one f o r  e a ch  v a lu e  o f  a second  v a r i a b l e .
F ix e d  v a lu e s  o f  any t h i r d  o r  s u b s e q u e n t  v a r i a b l e  t h e n  h av e  t o  be  c h o s e n .
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I f  t h e r e  a r e  any e x p e r i m e n t a l  p o i n t s  w hich  c o r r e s p o n d  to  t h e s e  v a lu e s  th e n  
th e y  a r e  drawn i n  a lo n g s i d e  t h e  c u rv e s  as c r o s s e s .  The p rog ram  draws any 
e x p e r im e n ta l  p o i n t  whose v a lu e s  o f  th e  second  and s u b s e q u e n t  v a r i a b l e s  l i e  
w i t h i n  2% o f  th o s e  c h o se n  f o r  th e  t h e o r e t i c a l  c u r v e s .
A number o f  s w i tc h e s  can  be s e t  up by  th e  c a l l i n g  m acro . The u se  
o f  one o f  t h e s e  i s  i l l u s t r a t e d  i n  F ig u r e  46 . T h is  i s  th e  s w i tc h  s e t  up by 
th e  code word "USEFIT" i n  t h e  c a l l i n g  m acro . When t h i s  b o o le a n  q u a n t i t y  i s  
t r u e  th e  p rog ram  w i l l  make use  o f  th e  f i t t e d  c o e f f i c i e n t s  to  d i s p l a y  d e s ig n  
c u rv e s  such  as th o s e  shown i n  C h a p te r  8 .  T y p ic a l  c u rv e s  o f  t h i s  s o r t  d i s p l a y  
th e  s w i tc h i n g  v o l t a g e  gap a g a i n s t  power d i s s i p a t i o n  , f o r  a  number o f  d i f f e r e n t  
c e l l  g e o m e t r ie s  and gas d e n s i t i e s .  I n s t e a d  o f  s w i t c h i n g  v o l t a g e  th e  s p u t t e r  
r a t e  p a ra m e te r  may a l s o  be  p l o t t e d .  These ty p e s  o f  p l o t s  w ere  w r i t t e n  i n t o  
th e  p rog ram  by th e  a u th o r  to  i l l u s t r a t e  how e x p e r im e n ta l  r e s u l t s  c an  be 
re d u c e d  to  a  number o f  f i t t e d  c o e f f i c i e n t s  w hich  may th e n  i n  t u r n  be  u se d  
to  i n t e r p o l a t e  and e x t r a p o l a t e  th e  e x p e r im e n ta l  r e s u l t s  f o r  f u t u r e  d e s ig n
f
p u r p o s e s .  T h is  i s  done f o r  i n s t a n c e  i n  o r d e r  t h a t  th e  b e s t  geom etry  and gas 
d e n s i t y  can  be  c h o s e n ,  ones t h a t  w i l l  g iv e  th e  g r e a t e s t  c o n t r o l  f o r  t h e  l e a s t  
power d i s s i p a t i o n  o r  endow th e  p a n e l  w i th  a  lo n g  o p e r a t i n g  l i f e  w i t h  th e  
lo w e s t  r a t e  o f  c a th o d e  s p u t t e r .
O th e r  s w i tc h e s  i n c l u d e  th e  "NOFIT" o n e ,  w hich  i s  s e t  by  th e  u se  o f  
t h i s  code word i n  th e  c a l l i n g  m acro . The r e s u l t  o f  t h i s  s w i tc h  i s  t o  b y - p a s s  
th e  f i t t i n g  r o u t i n e  e n t i r e l y  and p ro c e e d  s t r a i g h t  i n t o  t h e  p l o t t i n g  p a r t  o f  
th e  p rog ram . I f  r e q u i r e d ,  th e  i n i t i a l  f i t  may, how ever, be shown. T h is  i s  
u s e f u l  f o r  m anual f i t t i n g  o f  t h e  e x p e r i m e n t a l  r e s u l t s  o r  i f  a  "USEFIT" s h o u ld  
be r e q u i r e d  w i t h  o t h e r  c h o sen  v a lu e s  f o r  th e  f i t t i n g  c o e f f i c i e n t s .
There  a r e  o t h e r  s w i tc h e s  o f  m inor  i n t e r e s t  w hich  may a l s o  be  s e t  
up i n  th e  c a l l i n g  m acro . These c o n c e rn  such  q u e s t i o n s  a s :  w h ich  g ra p h  p l o t t i n g  
f a c i l i t y  i s  to  be  u s e d ;  w h e th e r  th e  f i t  and  p l o t t i n g  i s  to  be perfo rm ed , a s  a  
backg round  jo b  r a t h e r  t h a n  s t a r t e d  im m e d ia te ly  on l i n e  from  th e  t e r m i n a l ,  e t c .  
A l l  t h e s e  o p t io n s  c an  be combined w i t h  d i f f e r e n t l y  p r e p a r e d  f i t t i n g  f i l e s  to  
p r o v id e  a v e r y  v e r s a t i l e  pack ag e  w hich  w i l l  e n a b le  th e  p lasm a  p a n e l  d e s i g n e r  
to  f u l f i l  m ost o f  th e  f i t t i n g  and p l o t t i n g  t a s k s  he  w i l l  need  to  do .
7 .3  The P ro c e d u re  to  C a l c u l a t e  th e  V o l ta g e
The p r o c e d u r e  to  c a l c u l a t e  t h e  v o l t a g e  h a s  b e e n  w r i t t e n  by  th e  
a u th o r  and i n c l u d e d  i n  th e  m ain  f i t t i n g  pack ag e  d e s c r i b e d  above . T h is  
p ro c e d u r e  i s  b a s e d  on th e  t h e o r e t i c a l  model o u t l i n e d  i n  C h a p te r  4 and u s e s  
a  number o f  NAG l i b r a r y  r o u t i n e s .  A r o o t  f i n d e r  r o u t i n e ,  C05AAA i s  u s e d  to .
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f i n d  th e  v a lu e  o f  t h e  r e d u c e d  f i e l d  p ,  w hich  w i l l  a l lo w  th e  c a th o d e  f a l l  f f f
to  f i t  i n t o  th e  a n o d e -c a th o d e  s e p a r a t i o n  d i s t a n c e  ’d 1 when th e  glow i s
r e s t r i c t e d .  To u se  t h i s  r o u t i n e  u p p e r  and low er  bounds f o r  th e  r o o t  m ust be  
s u p p l i e d .  The i n t e g r a t i o n  o f  th e  i o n i z a t i o n  o v e r  th e  f a l l  d i s t a n c e  ’ f 1 i s
p e rfo rm e d  by a G a u s s -L e g u e r re  i n t e g r a t i o n  r o u t i n e ,  D01AEA.
An o u t l i n e  o f  th e  p r o c e d u r e  i s  shown i n  F ig u r e  47a , and i n  more 
d e t a i l  i n  F ig u r e  47b . I t  i s  c a l l e d  u s in g  th e  a r r a y  o f  26 e le m e n ts  o f  th e
a lp h a b e t  A, B, C, D ..........  W, X, Y, Z, as  e x p la i n e d  i n  th e  l a s t  s e c t i o n  and
so we d e s i g n a t e  i t  V(A, B, C. D ..........  W, X, Y, Z ) . However, i t  a l s o ^ h a s
a v a i l a b l e  to  i t  o t h e r  g l o b a l  v a r i a b l e s  such  as  th e  v a lu e s  o f  t h e  gas  c o n s t a n t s ,
CG and CC, e t c . ,  from  w hich  i t  c an  c a l c u l a t e  K and s ^ ,  e t c .  The p r o c e d u r e  
i t s e l f  c a l l s  two s u b s i d i a r y  p r o c e d u r e s  d e s ig n a t e d  p ( s )  and R C F (s ,1 /p )  . These 
a r e  r e s p e c t i v e l y  needed  to  c a l c u l a t e  th e  r e d u c e d  f i e l d  p f o r  d i f f e r e n t  v a lu e s  
o f  th e  sh ap e  f a c t o r  s ,  when t h i s  i s  known, and a l s o  th e  r e c i p r o c a l  o f  th e  
c a th o d e  f a l l  d i s t a n c e ,  h e r e  c a l l e d  RCF, t h a t  i s  th e  same as  1 / f ,  f o r  d i f f e r e n t  
v a lu e s  o f  th e  shape  f a c t o r  s and f o r  d i f f e r e n t  r e d u c e d  f i e l d  v a l u e s .  I n  th e  
l a t t e r  c a s e  t h e  r e c i p r o c a l  o f  th e  r e d u c e d  f i e l d  i s  a c t u a l l y  th e  p a ra m e te r  
p a s s e d  when c a l l i n g  th e  p ro c e d u r e  b e c a u s e  th e  v a lu e  o f  an  i n f i n i t e  f i e l d  i s  
som etim es r e q u i r e d .  T h is  c o r r e s p o n d s  to  1 /p  = 0 ,  and f o r  t h i s  v a lu e  o f  r e d u c e d  
f i e l d ,  see  e q u a t i o n  4 . 1 ,  t h e  i o n i z a t i o n  c o e f f i c i e n t ,  a /N ,  th e n  h a s  i t s  
maximum v a lu e  o f  CG. T h is  i s  a  l i m i t i n g  v a lu e  and c o r r e s p o n d s  to  a  minimum 
v a lu e  f o r  t h e  p r o d u c t  Nf, be low  w hich  th e  glow c a n n o t  be s u s t a i n e d  b e c a u s e  
t h e r e  a r e  i n s u f f i c i e n t  gas atoms i n  th e  p a th  o f  t h e  e l e c t r o n s  t o  a l l o w  enough 
i o n i z a t i o n  to  be  p ro d u ce d  f o r  th e  f u l l  s e l f - s u s t a i n i n g  c o n d i t i o n  to  o p e r a t e .
T h is  v a lu e  o f  1 /p  i s  needed  as  th e  low er  l i m i t  when f i n d i n g  th e  v a lu e  o f  th e  
r e d u c e d  f i e l d  a p p r o p r i a t e  to  a  r e s t r i c t e d  glow u s in g  th e  p r o c e d u r e  C05AAA.
The u p p e r  l i m i t  i s  s u p p l i e d  by th e  v a lu e  o f  - l / p ( s  ) ,  t h a t  i s  by  u s in g  th e  
fo rm er  s u b r o u t i n e  w i t h  p a ra m e te r  s m and t a k i n g  th e  r e c i p r o c a l .
R e f e r r i n g  to  F ig u r e s  47 a) and b )  th e  p rog ram  f i r s t  c a l c u l a t e s ’ th e  
f a c t o r  below  w hich  t h e r e  i s  i n s u f f i c i e n t  d e n s i t y  to  m a i n t a i n  th e  g low . I f  
t h e  power d i s s i p a t i o n  W i s  n o n -z e ro  i t  c a l c u l a t e s  w ha t  th e  r e d u c t i o n  i n  
d e n s i t y  i n  th e  c a th o d e  f a l l  i s  due to  h e a t i n g  and checks  t h a t  t h e  d e n s i t y  
i s  n o t  as  a r e s u l t  be low  th e  minimum. I f  i t  i s  th e n  th e  v o l t a g e  i s  i n d e t e r m i n a t e  
and i s  s e t  to  a  nom ina l  v a lu e  o f  i n f i n i t y  f o r  w hich  we choose  a v a lu e  o f  1 0 ^ .  
O th e rw is e ,  i f  t h e  power i s  z e r o ,  t h e  p rogram  to  d e te r m in e  th e  s t r i k e  v o l t a g e  
i s  e n t e r e d .  T h is  u s e s  t h e  s e l f - s u s t a i n i n g  c o n d i t i o n  on i t s  own to  d e te r m in e  
th e  v o l t a g e .  I f  th e  power i s  n o t  z e ro  t h e  ru n n in g  v o l t a g e  i s  to  be  c a l c u l a t e d .  
T h is  p a r t  o f  th e  p rog ram  f i r s t  c a l c u l a t e s  th e  v a lu e  o f  th e  c a th o d e  c o n s t a n t , .
K, and from i t  t h e  maximum shape  f a c t o r ,  sm. N e x t ,  i t  t e s t s  to  s e e  w h e th e r
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w i th  s = sm th e  glow i s  u n r e s t r i c t e d  o r  n o t ,  i . e .  i s  RCF £ 1/Y? Remember,
Y i s  th e  p a ram ete r-  i n  t h e  p r o c e d u r e  w h ich  r e p r e s e n t s  t h e  d i s t a n c e  d . I f  th e  
glow i s  u n r e s t r i c t e d  t h e n  s m i s  th e  sh a p e  f a c t o r  and t h i s  i s  u sed  to  c a l c u l a t e  
n ( s m) and f  from  RCF a s  i n d i c a t e d  i n  th e  d i a g r a m s . From t h e s e  two q u a n t i t i e s  
and th e  known gas  d e n s i t y  N, th e  v o l t a g e  i s  s im p ly  c a l c u l a t e d .
I f  t h e  glow i s  r e s t r i c t e d  t h e n  th e  r o o t  f i n d i n g  p r o c e d u r e  i s  e n t e r e d
as  e x p la i n e d  b e f o r e .  B a s i c a l l y ,  t h i s  f i n d s  a  v a lu e  o f  1 /q  l y in g  b e tw e e n  th e
l i m i t s  0 and l / q ( s m) w hich  s a t i s f i e s  th e  a p p ro x im a te  s o l u t i o n  o f  th e  P o i s s o n
e q u a t i o n .  T h is  makes u se  o f  th e  a p p ro x im a te  r e l a t i o n s h i p  e q u a t i o n  4 .3 4 ,
5 /2w hich  r e l a t e s  R to  s - 1  and a l s o  e q u a t i o n  4 .1 9 ,  w hich  shows q i s  i n v e r s e l y  
p r o p o r t i o n a l  to  R. Thus, q and S can  be  r e l a t e d  th ro u g h  P o i s s o n ' s  e q u a t i o n  
and th e  r o o t  1 /q  fo u n d .  Once q i s  known th e  v o l t a g e  i s  e a s i l y  found  b e c a u s e  
th e  glow i s  r e s t r i c t e d  and so th e  c a th o d e  f a l l  d i s t a n c e  m ust be d .  A ls o ,  o f  
c o u r s e ,  th e  d e n s i t y  N i s  known.
T h is  t h e n  c o m p le te s  th e  d e s c r i p t i o n  o f  th e  v o l t a g e  c a l c u l a t i n g  
p r o c e d u r e  i n  te rm s o f  th e  p r o c e d u r e s  f o r  c a l c u l a t i n g  th e  r e d u c e d  f i e l d  and 
th e  r e c i p r o c a l  o f  t h e  c a th o d e  f a l l .
7 .4  The P ro c e d u re  t o  C a l c u l a t e  th e  R e c i p r o c a l  o f  th e  Cathode F a l l  D i s t a n c e
An o u t l i n e  o f  t h e  p r o c e d u r e  to  c a l c u l a t e  1 / f  i s  shown i n  F i g u r e  48a
and i n  more d e t a i l  i n  F ig u r e  48b . The p r o c e d u r e  i s  c a l l e d  w i t h  a  v a lu e  f o r  s ,
th e  sh a p e  f a c t o r ,  and f o r  t h e  r e c i p r o c a l  o f  th e  r e d u c e d  f i e l d  1 / q ,  d e s i g n a t e d
RETAF. F i r s t  th e  p rogram  checks  to  se e  i f  an  u n r e s t r i c t e d  s o l u t i o n  i s
r e q u i r e d .  I t  a sk s  i f  s = si . Note t h a t  s h a s  a l r e a d y  b e e n  c a l c u l a t e d  i n  ^ m m
th e  o t h e r  v o l t a g e  c a l c u l a t i n g  p r o c e d u r e .  I f  t h i s  i s  th e  c a s e  t h e n  th e  f i e l d  
a t  th e  anode 0 i s  z e r o .  I f  n o t ,  i t  m ust be  c a l c u l a t e d  a p p r o x im a te ly ,  u s in g  
th e  r e l a t i o n s h i p  o f  e q u a t i o n  4 .3 5 .  A t t h i s  s t a g e  v a r i o u s  f a c t o r s  a r e  
c a l c u l a t e d  w hich  w i l l  be  needed  l a t e r .  The e f f e c t  o f  th e  r e d u c t i o n  i n  d e n s i t y  
due to  h e a t i n g ,  th e  enhanced  w a l l  l o s s  due t o  p o s i t i v e  i o n  s p a c e  c h a rg e  'and  
th e  s m a l l e s t  v a lu e  o f  t h e  c a th o d e  f a l l  d i s t a n c e  o r  maximum v a lu e  o f  i t s  
r e c i p r o c a l ,  o b t a in e d  o n ly  when th e  r e d u c e d  f i e l d  i s  i n f i n i t e ,  a r e  a l l  
c a l c u l a t e d .  N e x t ,  a  t e s t  i s  made to  s e e  i f  th e  r e d u c e d  f i e l d  i s  i n f i n i t e .
I n  o t h e r  words i s  RETAF = 0? I f  i t  i s  th e n  th e  maximum v a lu e  o f  t h e  r e c i p r o c a l  
l / f  i s  t h e  a n sw e r .  O th e rw is e  th e  s e l f - s u s t a i n i n g  c o n d i t i o n  m ust be  s o lv e d  
a n a lo g o u s  to  th e  g r a p h i c a l  t e c h n iq u e  d e s c r i b e d  i n  A ppendix  C. To do t h i s  t h e  
i o n i z a t i o n  i n t e g r a l  m ust be  c a l c u l a t e d  by  f i n d i n g  th e  i o n i z a t i o n  c o e f f i c i e n t  
anywhere i n  t h e  c a th o d e  f a l l  a .  T h is  i s  a  f u n c t i o n  o f  0/Nx a c c o r d in g  t o  th e  
a u t h o r ' s  t h e o r y .  N e x t ,  i t  m ust be i n t e g r a t e d  o v e r  t h e  f u l l  p o t e n t i a l  d i f f e r e n c e ,
i
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u s in g  th e  NAG r o u t i n e ,  D01AEA, and th e  i o n i z a t i o n  l o s s  to  th e  w a l l s  su b ­
t r a c t e d  i n  o r d e r  to  y i e l d  f i n a l l y  th e  v a lu e  o f  1 / f  o r  RCF as i t  i s  d e s ig n a t e d  
i n  th e  p rog ram . Note th e  a u t h o r ’ s m o d i f ie d  Ludas d i s t r i b u t i o n  f u n c t i o n  f o r  
th e  p o t e n t i a l  0/V i s  u se d  h e r e  to  c a l c u l a t e  th e  a p p ro x im a te  p o t e n t i a l  
d i s t r i b u t i o n .
T h is  th e n  c o m p le te s  th e  p r o c e d u r e  f o r  c a l c u l a t i n g  RCF i n  te rm s  o f  
known v a lu e s  o f  s and RETAF. I t  o n ly  rem a in s  to  e x p l a i n  how th e  re d u c e d  f i e l d  
n i s  c a l c u l a t e d .
7 .5  The P ro c e d u re  f o r  C a l c u l a t i n g  th e  Reduced F i e l d
A g a in ,  an  o u t l i n e  o f  t h e  p r o c e d u r e  f o r  c a l c u l a t i n g  th e  r e d u c e d  
f i e l d  i s  f i r s t  g iv e n  i n  F i g u r e  49a and t h i s  i s  r e p e a t e d  i n  more d e t a i l  i n  
F ig u r e  49b.
The p ro c e d u r e  i s  c a l l e d  w i t h  a  known v a lu e  o f . th e  shape  f a c t o r  s'. 
N ex t ,  a  check  i s  made to  se e  i f  t h e  r e d u c t i o n  o f  d e n s i t y  due to  h e a t i n g  i s  
such  as to  p r e v e n t  th e  glow s t r i k i n g  a t  a l l  b e c a u s e  t h e r e  a r e  to o  few atoms 
be tw een  th e  e l e c t r o d e s .  I f  t h i s  i s  s o ,  a g a in  t h e  r e d u c e d  f i e l d  i s  i n f i n i t e ,  
i . e .  s e t  to  1 0 ^ ,  b u t  i f  n o t ,  a  check  i s  made to  s e e  i f  s = 1 .  T h is  i s  th e  
u n i fo rm  f i e l d  c o n d i t i o n  a p p r o p r i a t e  to  th e  s t r i k e  v o l t a g e .  Thus i t  i s  t h i s  
c o r r e s p o n d in g  s t r i k e  v a lu e  o f  th e  r e d u c e d  f i e l d  w hich  i s  r e q u i r e d  and t h i s  
i s  e a s i l y  c a l c u l a t e d  from  th e  s e l f - s u s t a i n i n g  c o n d i t i o n .  I f  t h e  f i e l d  i s  
n o t  u n i fo rm  th e  v a lu e  a p p r o p r i a t e  to  th e  r u n n in g  v o l t a g e  m ust be c a l c u l a t e d  
u s in g  P o i s s o n ' s  e q u a t i o n .  F i r s t ,  t h e  d i s s i p a t i o n  f a c t o r  R i s  c a l c u l a t e d  
u s in g  th e  a p p ro x im a te  fo rm u la e  o f  e q u a t i o n s  4 .2 8  and 4 .3 4 .  F i n a l l y ,  t h e  
r e d u c e d  f i e l d  i s  c a l c u l a t e d  from  e q u a t i o n  4 .1 9  w hich  r e l a t e s  i t  to  th e  
r e d u c e d  power d i s s i p a t i o n  and th e  v a lu e  o f  R.
T h is  c o m p le te s  th e  p ro c e d u r e  f o r  c a l c u l a t i n g  th e  r e d u c e d  f i e l d  from  
th e  sh ap e  f a c t o r .  T h is  and th e  p r o c e d u r e  f o r  RCF a l s o  c o m p le te s  t h e  p r o c e d u r e  
f o r  c a l c u l a t i n g  th e  v o l t a g e  i n  a  s e l f - c o n s i s t e n t  way. The m ain  s t e p s  i n  
th e  p r o c e s s  a r e  to  f i n d  i f  th e  glow i s  p o s s i b l e ,  b e c a u s e  enough atoms a r e  
p r e s e n t  b e tw e en  th e  e l e c t r o d e s ,  th e n  i f  t h e  s t r i k e  o r  ru n n in g  c o n d i t i o n  i s  
r e q u i r e d  a nd , i f  th e  l a t t e r  i s  th e  c a s e ,  w h e th e r  a  r e s t r i c t e d  o r  u n r e s t r i c t e d  
glow i s  a p p r o p r i a t e .  A t p r e s e n t  i t  i s  assumed t h a t  t h e  glow i s  c o n s t r i c t e d  
by  th e  c e l l  w a l l s  a t  a l l  t i m e s . T h is  a p p e a r s  to  b e  th e  c a s e  f o r  n eon  f o r  
th e  d e n s i t i e s  and c e l l  b o r e s  u se d  i n  th e  memory p a n e l s  so f a r .  As we s h a l l  
s e e  i n  th e  f o l l o w in g  C h a p te r ,  how ever ,  t h e r e  i s  some e v id e n c e  t h a t  f o r  xenon  
g a s ,  w hich h as  a  much h i g h e r  c r o s s - s e c t i o n  f o r  i o n i z a t i o n ,  i n  f a c t  n e a r l y  8 
t im e s  l a r g e r ,  t h a t  th e  glow may n o t  a lw ays  be  c o n f in e d  by th e  w a l l s .  At t h e
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h i g h e r  gas d e n s i t i e s  and w i t h  th e  l a r g e s t  c e l l  b o r e s ,  th e  v o l t a g e s  can  be  
r a t h e r  low er t h a n  would  be  e x p e c t e d ,  w hich s u g g e s t s  th e  o c c u r r e n c e  o f  a  norm al 
glow.
7 .6  M is c e l l a n e o u s  P rogram s
B e s id e s  th e  c u rv e  f i t t i n g  p rogram s a  number o f  o t h e r  p rogram s had  
to  be  w r i t t e n  t o  co m p le te  t h e  a n a l y s i s .  A s o r t i n g  p rogram  was w r i t t e n  to  
p r o c e s s  t h e  raw d a t a  r e c e i v e d  from  th e  d a t a  l o g g e r ,  as d e s c r i b e d  i n  S e c t i o n  
5 .4 5  and i l l u s t r a t e d  i n  T a b le  I .  T h is  p rogram  s o r t e d  t h e  d a t a  i n t o  a  number 
o f  s e p a r a t e  c u r v e s ,  c o u n t in g  th e  t o t a l  number o f  c u rv e s  and th e  number o f  
p o i n t s  i n  e a ch  c u rv e .  I t  d i s c a r d s  d u p l i c a t e d  p o i n t s .  I t  p i c k s  o u t  t h e  
s t r i k e  v o l t a g e  and th e  e x t i n c t i o n  v o l t a g e  and c u r r e n t ,  and i t  h e a d s  up each  
c u rv e  w i th  t h i s  and o t h e r  r e l e v a n t  i n f o r m a t i o n  c o n c e r n in g  th e  c u r v e ,  such  as  
th e  gas p r e s s u r e  o r  d e n s i t y ,  th e  c e l l  d im e n s io n s  and w hich  p a r t i c u l a r  c e l l  
i s  b e in g  m ea su red .  T h is  i s  d e s ig n a t e d  i n  term s o f  i t s  p o s i t i o n ,  i . e .  by i t s
c a th o d e  l i n e  number and i t s  anode l i n e  num ber.
A n o th e r  s e t  o f  p rogram s c a l l e d  ANTEFIT p r o c e s s  t h i s  d a t a  f u r t h e r  
and make d a t a  f i l e s  w hich  c an  be  u sed  by  th e  c u rv e  f i t t i n g  p ro g ra m s .  These 
p rogram s g e n e r a l l y  p ro d u ce d  two s e t s  o f  d a t a  f i l e s .  The f i r s t  c o l l e c t e d  up 
a l l  th e  s t r i k e  v o l t a g e  v a lu e s  and th e  p a ra m e te r s  p e r t i n e n t  to  a  d a t a  f i l e  
s u i t a b l e  f o r  f i t t i n g  th e  i n i t i a l  c o n s t a n t s  A, B and C. The second  s e l e c t s
a b o u t  8 p o i n t s  from e a ch  c u rv e  w h ich  a r e  f a i r l y  e q u a l l y  sp a ce d  a lo n g  th e  c u rv e
and i n c l u d e s  b o th  th e  s t r i k e  and e x t i n c t i o n  p o i n t s .  I t  makes t h e s e  i n t o  a 
d a t a  f i l e  w i th  a l l  t h e  n e c e s s a r y  p a ra m e te r s  f o r  f i t t i n g  t h e  r e m a in in g  s e t  o f  
c o e f f i c i e n t s .  The number o f  p o i n t s  i n  t h i s  seco n d  d a t a  f i l e  a r e  l i m i t e d  i n  
t h i s  way b e c a u s e  8 p o i n t s  a r e  s u f f i c i e n t  to  g iv e  th e  sh a p e  o f  e a c h  c u rv e  
w i t h o u t  o v e r - t a x i n g  th e  com puter  w i th  i n f o r m a t i o n ,  w hich  m e re ly  means i t  
t a k e s  l o n g e r  and r e q u i r e s  more memory sp ace  t o  p e r fo rm  th e  f i t  w i t h o u t  a d d in g  
a n y th in g  o f  f u r t h e r  s i g n i f i c a n c e  t o  t h e  r e s u l t .
O th e r  p rogram s c a l l e d  PREPLOT w ere  w r i t t e n  w h ich  w ere  a b l e  to  r e a d  
th e  s o r t e d  d a t a  and make s p e c i a l  p l o t t i n g  f i l e s .  T h is  ty p e  o f  p rogram  was 
u sed  f o r  i n s t a n c e  to  p ro d u ce  a u n i v e r s a l  p l o t  f o r  th e  breakdow n v o l t a g e s ,  
se e  F ig u r e  10. In  a n o th e r  fo rm  i t  was used  to  p r o c e s s  a l l  t h e  d a t a  and 
p ro d u ce  th e  p r e l i m i n a r y  p l o t s  o f  th e  e x p e r im e n ta l  c u r v e s .  These p l o t s  w ere  
i n  v a r i o u s  fo rm s .  Some m e re ly  r e p l o t t e d  th e  e x p e r i m e n t a l  d a t a ,  g a t h e r i n g  l i k e  
c u rv e s  t o g e t h e r ,  such  as  i n  F ig u re  39 . O th e rs  r e - d r e w  th e  g ra p h s  w i t h ,  f o r  
i n s t a n c e ,  l o g a r i t h m i c  s c a l e s  w hich  e n a b le d  p a r t i c u l a r  c o m p a r iso n s  b e tw e e n  
e x p e r im e n t  and th e o r y  to  b e  more e a s i l y  o b t a i n e d .  See F ig u r e  45 a) and b)
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where th e  a p p r o p r i a t e  dependence  f o r  t h e  m o b i l i t y  on th e  r e d u c e d  f i e l d  i s  
b e in g  i n v e s t i g a t e d .
F i n a l l y ,  a  number o f  s p e c i a l  p rogram s w ere  w r i t t e n  t o  c a l c u l a t e  
th e  v a r i o u s  t h e o r e t i c a l  p a ra m e te r s  such  a s  th e  p o t e n t i a l  d i s t r i b u t i o n  
F ig u re s  11, 12 and 13, and th e  shape  and d i s s i p a t i o n  f a c t o r s ,  14, 15 and 16. 
Many o f  t h e s e  c u rv e s  have  b e e n  s u b s e q u e n t ly  a p p ro x im a te d  by s im p le  e n g i n e e r i n g  
fo rm u la e ,  w hich a r e  s u f f i c i e n t l y  a c c u r a t e  t o  e n a b le  t h e o r e t i c a l  d e d u c t io n s  
to  be made f o r  d e s ig n  p u r p o s e s .  A n o th e r  p rog ram  c a l c u l a t e d  t h e  i o n i z a t i o n  
i n t e g r a l  F ( s , n ) ,  w h ich  i s  a  f u n c t i o n  o f  th e  shape  s and re d u c e d  f i e l d  r).
These c u rv e s  a r e  shown i n  a  number o f  d i f f e r e n t  form s i n  A ppendix  C, se e  
p a r t i c u l a r l y  F ig u r e  C l .  U n f o r t u n a t e l y ,  t o - d a t e  no s im p le  a p p ro x im a t io n  o f  
t h e s e  c u rv e s  w i t h  s u f f i c i e n t  f l e x i b i l i t y  h a s  y e t  b e e n  fo u n d .  I f  such  w ere  
found  i t  would  re d u c e  th e  c a l c u l a t i o n s  to  a lm o s t  an  e le m e n ta ry  a n a l y s i s .
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8. OPTIMUM DESIGN AND OTHER CONSIDERATIONS
8 .1  S p read  i n  C h a r a c t e r i s t i c s  Between C e l l s
So f a r  we have  c o n s id e r e d  o n ly  i d e a l  p a n e l s ,  th o s e  f i l l e d  w i th  
p u re  gas and h a v in g  l i t t l e  o r  no d i f f e r e n c e s  i n  p r o p e r t i e s  b e tw e en  th e  
i n d i v i d u a l  c e l l s .  I n  th e  r e a l  w o r ld  t h e r e  a r e  a lw ays  d i f f e r e n c e s  b e tw e en  
th e  c e l l s  due  t o  geom etry  and c a th o d e  and w a l l  s u r f a c e  c o n d i t i o n s .  Some 
o f  t h e s e  c a u s e  l a r g e  v a r i a t i o n s  i n  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s .
8 . 1 . 1  M a n u fa c tu r in g  T o le ra n c e s
As we m e n t io n e d  i n  C h a p te r  5 ,  some m ethods o f  p a n e l  c o n s t r u c t i o n  
were more a c c u r a t e  t h a n  o t h e r s .  A v e ry  h ig h  d e g re e  o f  a c c u ra c y  c an  be 
a t t a i n e d  u s in g  th e  p h o to fo rm  g l a s s  s p a c e r  p l a t e s .  Even so s y s t e m a t i c  
e r r o r s  b e tw e en  th e  c e n t r e  and edges  o f  th e  p l a t e s  due to  th e  m ethod o f  
m a n u f a c tu r e ,  w hich  u s e s  a  c o n t a c t  p r i n t i n g  t e c h n iq u e  w i th  a l i g h t  s o u rc e  
and mask, c a n n o t  be e n t i r e l y  a v o id e d .  The d r i l l e d  a lum in ium  s p a c e r  p l a t e  
w hich  i s  s u b s e q u e n t ly  a n o d iz e d  can  a l s o  be  made v e ry  a c c u r a t e l y  a c c o r d in g  
to  t h e  s i z e  o f  th e  d r i l l  u s e d ,  and making due a l lo w a n c e s  f o r  th e  r e d u c t i o n  
o f  b o re  w hich  o c c u rs  i n  th e  s u b s e q u e n t  a n o d iz in g  p r o c e s s .  T h is  m ethod i s  
however l i m i t e d  i n  c e l l  d e p th  as  we have  e x p l a i n e d .  These m ethods o f  
c o n s t r u c t i o n  y i e l d  t o l e r a n c e s  b e tw e en  c e l l s  w h ich  a r e  w i t h i n  t h e  o r d e r  o f  
± 10 ym. The e f f e c t  o f  such  t o l e r a n c e s  may be  i n c l u d e d  i n  th e  s u b s e q u e n t  
c a l c u l a t i o n s  f o r  th e  optimum p a n e l  d e s ig n .  They l e a d  o f  c o u rs e  t o  a  s p r e a d  
i n  c h a r a c t e r i s t i c s  b e tw e en  c e l l s ,  b o th  i n  c u r r e n t  and i n  v o l t a g e .
8 . 1 . 2  The E f f e c t  o f  th e  S p re ad s  on th e  S w itc h in g  V o l ta g e s  o f  
P a n e ls
The s p re a d  i n  v o l t a g e  i s  a lw ays g r e a t e r  f o r  th e  s t r i k e  v o l t a g e
th a n  i t  i s  f o r  th e  e x t i n c t i o n  v o l t a g e ,  s e e  F ig u r e  50, and f o r  t h i s  r e a s o n
as w e l l  as f o r  th e  d i f f e r e n c e  i n  th e  c o r r e s p o n d in g  s w i t c h i n g  s p e e d s ,  th e
e x t i n c t i o n  v o l t a g e  h a s  b e e n  c h o sen  as  th e  m ain  means o f  c e l l  s e l e c t i o n  f o r
th e  d i s p l a y  o f  m e s s a g e s .  I n  t h i s  method a l l  th e  c e l l s  i n  th e  l i n e  o f  t e x t
a r e  f i r s t  s w i tc h e d  on by a p p ly in g  a s t r i k e  v o l t a g e  p u l s e .  S u b s e q u e n t ly ,
o n ly  th o s e  c e l l s  w hich  a r e  n o t  w an ted  f o r  th e  m essage  d i s p l a y  a r e
/ £ 0\
e x t i n g u i s h e d ,  s e e  Sm ith  .
A l th o u g h  th e  s p r e a d  i n  th e  c u r r e n t  a t  e x t i n c t i o n  may n o t  be  so  
m arked as  th e  s p r e a d  i n  th e  e x t i n c t i o n  v o l t a g e ,  y e t  t h e r e  i s  a l s o  an  
a p p r e c i a b l e  s p re a d  i n  th e  p o s i t i v e  r e s i s t i v e  s lo p e s  o f  th e  c h a r a c t e r i s t i c s  
due b o th  to  t h e  f i n i t e  t o l e r a n c e  i n  th e  c e l l  geom etry  and to  l o c a l
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v a r i a t i o n s  i n  t h e  c a th o d e  K v a l u e .  S in c e  t h e  w hole  p a n e l  m ust o p e r a t e  a t  
t h e  same h o l d in g  v o l t a g e ,  V^, t h e r e  i s  a s  a  r e s u l t  o f  b o t h  s p r e a d s ,  t h a t  
o f  t h e  e x t i n c t i o n  v o l t a g e  and t h a t  o f  t h e  r e s i s t a n c e ,  a  c o n s i d e r a b l e  sp re a d  
i n  t h e  o p e r a t i n g  c u r r e n t  w hich  i s  t a k e n  by t h e  i n d i v i d u a l  c e l l s  i n  t h e  !o n f 
s t a t e .  T h is  i s  i l l u s t r a t e d  i n  F i g u r e  50.
jThe h o l d in g  v o l t a g e  m ust a t  t h e  v e r y  l e a s t  be g r e a t e r  t h a n  th e  
maximum e x t i n c t i o n  v o l t a g e  i f  some s e l e c t e d  c e l l s  a r e  n o t  o t h e r w i s e  t o  be
I
e x t i n g u i s h e d ,  l e v e l  A i n  F i g u r e  50. D u r in g  th e  t im e  c e l l s  a r e  b e in g
s w i tc h e d  o f f  t h e  h o l d in g  v o l t a g e  sh o u ld  be  a t  l e a s t  a  h a l f  e x t i n c t i o n
p u l s e  h i g h e r  th a n  t h i s  v o l t a g e ,  se e  l e v e l  B, o t h e r w i s e  some c e l l s  w i l l
e x t i n g u i s h  on a  h a l f  p u l s e  a l o n e .  The h a l f  e x t i n c t i o n  p u l s e  i t s e l f  m ust
be a t  l e a s t  e q u a l  t o  t h e  s p re a d  .o f  v o l t a g e  be tw een  t h e  maximum and minimum
e x t i n c t i o n  v o l t a g e s  i f  a l l  t h e  c e l l s  a r e  to  be e x t i n g u i s h e d  r e l i a b l y .  T h is
i s  done by th e  s im u l ta n e o u s  c o in c i d e n c e  o f  a  h a l f  e x t i n c t i o n  p u l s e  on b o t h
th e  c a th o d e  and th e  anode l i n e s  o f  t h e  s e l e c t e d  c e l l s .  However, i f  a l l  t h e
c e l l s  i n  a  l i n e  a r e  to  be s w itc h e d  on t o g e t h e r ,  o n ly  a s i n g l e  s t r i k e  p u l s e
need  be a p p l i e d  to  t h e  l i n e .  T h is  sh o u ld  be l a r g e  enough to  s t r i k e  a l l
th e  c e l l s  i n  t h e  l i n e .  N o t i c e  w i t h  t h i s  s t r a t e g y  t h a t  t h e  s i z e  o f  t h e
s w i tc h in g  v o l t a g e  g ap , V , i s  n o t  a f f e c t e d  by any  sp re a d  i n  t h e  s t r i k e
§
v o l t a g e s ,  a s  i s  t h e  c a s e  when a s e l e c t i v e  s t r i k e  s t r a t e g y  i s  u s e d .  
m ust s im p ly  be g r e a t e r  th a n  t h e  sp re a d  i n  t h e  e x t i n c t i o n  v o l t a g e s ,  r a t h e r  
th a n  t h e  sum o f  b o th  v o l t a g e  s p r e a d s .  G e n e r a l ly  t h e  s t r i k e  v o l t a g e  h a s  
th e  g r e a t e r  s p r e a d ,  so e l i m i n a t i n g  i t s  e f f e c t  on V^, c o n s i d e r a b l y  e a s e s  
th e  d e s ig n  o f  t h e  p a n e l s .  To m in im ize  t h e  power d i s s i p a t i o n  s h o u ld  
be sw i tc h e d  from  l e v e l  A to  l e v e l  B w henever i t  i s  r e q u i r e d  t o  s w i tc h  some 
c e l l s  o f f .  T h is  i s  known a s  " sw i tc h e d  b i a s " .  L e v e l  A i s  t h e  one w i t h  t h e  
lo w e s t  d i s s i p a t i o n  so t h i s  i s  th e  l e v e l  assumed when t h e  d i s p l a y  i s  
s t a t i o n a r y  and th e  m essage  i s  n o t  b e in g  c h a n g e d .
8 .2  Dynamic E f f e c t s
I n  d e r i v i n g  th e  g e n e r a l  shape  o f  t h e  c h a r a c t e r i s t i c s  a c c o u n t  was 
t a k e n  o f  th e  e f f e c t  o f  gas  d e n s i t y  c hanges  due  to  h e a t i n g  i n  t h e  c a th o d e  
f a l l  and a l s o  t h e  e f f e c t  o f  an  a d d i t i o n a l  l o s s  o f  i o n i z a t i o n  t o  t h e  c e l l  
w a l l s  due  t o  t h e  a t t r a c t i o n  o f  th e ,  p o s i t i v e  c h a r g e s  t h e r e  w h ich  a c c u m u la te  
on t h e  w a l l  n e a r  t h e  c a th o d e  when t h e  c e l l  i s  i n  t h e  ’o n f s t a t e .
U n f o r t u n a t e l y ,  t h e s e  e f f e c t s  a r e  n o t  i n s t a n t a n e o u s  and n e e d  t im e  
to  become e s t a b l i s h e d .  They may a l s o  e x h i b i t  a  c e r t a i n  amount o f  h y s t e r e s i s ,  
d e p e n d in g  on w h e th e r  t h e  c e l l  c u r r e n t  i s  r i s i n g  o r  f a l l i n g  and on how many
-  80 -
c e l l s  i n  th e  p a n e l  a r e  r u n n in g .  These a g a in  g iv e  r i s e  to  a  d i f f e r e n c e  i n  
t h e  s t r i k e  and e x t i n c t i o n  v o l t a g e s  b e tw e en  c e l l s .  F o r  i n s t a n c e ,  c e l l s  
w hich  have  j u s t  b e e n  s w i tc h e d  . 'on ' o r  ' o f f 1 w i l l  d i f f e r  from  th o s e  w hich  
have  b e e n  i n  th e  same s t a t e  f o r  some t im e .  A ga in  t h e s e  a r e  such  as  to  
re d u c e  th e  s w i t c h i n g  gap V b e tw e e n  th e  s t r i k e  and e x t i n c t i o n  v o l t a g e s  and 
so m ust b e  a l lo w e d  f o r  i n  c h o o s in g  t h e ^ i n i t i a l  v a lu e  o f  V and th e  a p p r o p r i a t e  
l e v e l  o f  th e  h o l d in g  v o l t a g e ,  V^. E x a c t ly  by  how much t h i s  s h o u ld  be  i s  n o t  
y e t  p r e d i c t a b l e  t h e o r e t i c a l l y ,  b u t  e x p e r i e n c e  s u g g e s t s  t h a t  a good w o rk in g  
r u l e  i s  to  a l lo w  f o r  an  a d d i t i o n a l  amount i n  b o th  th e  v o l t a g e  s p r e a d s  w hich  
i s  a b o u t  e q u a l  to  t h e  s p r e a d  c a l c u l a t e d  f o r  th e  e x t i n c t i o n  v o l t a g e  from  th e  
known t o l e r a n c e s  i n  th e  geom etry  o f  th e  c e l l s .  I n  t h i s  way th e  h o l d in g  
v o l t a g e  a t  l e v e l  A w i l l  be  r a i s e d  by an  amount e q u a l  t o  th e  c a l c u l a t e d  
s p re a d  i n  V£ above th e  maximum v a lu e  o f  and th e  v o l t a g e  gap w i l l  be  
narrow ed  by tw ice  t h i s  am ount.
8 .3  O p t im iz in g  th e  P a n e l  P a ra m e te r s
The a c t u a l  power d i s s i p a t e d ,  W^, a t  t h i s  v a lu e  o f  h o l d i n g  v o l t a g e
V, can  th e n  be  p l o t t e d  a g a i n s t  th e  c o r r e s p o n d in g  v a lu e  o f  V c a l c u l a t e d  by n §
u s in g  t h e s e  r u l e s  f o r  d i f f e r e n t  gas  d e n s i t i e s  and f o r  d i f f e r e n t  c e l l
g e o m e t r ie s  and a ssum ing  an a b s o l u t e  m a n u f a c tu r in g  t o l e r a n c e  o f  s a y  ± 10 ym.
The r e s u l t  o f  such  a c a l c u l a t i o n  u s in g  th e  v a lu e s  o f  th e  f i t t e d  c o n s t a n t s
f o r  a d i s p l a y  p a n e l  f i l l e d  w i t h  100% neon  and u s in g  an  a n o d iz e d  a lum in ium
s p a c e r  p l a t e  i s  shown i n  F ig u re  51. The s p re a d  i n  th e  e x t i n c t i o n  v o l t a g e s
t u r n s  o u t  t o  be  a ro u n d  20 v o l t s .  Thus f o r  r e l i a b l e  o p e r a t i o n  V , t h e  v o l t a g e
§
s w i tc h in g  gap s h o u ld  be  a t  l e a s t  40 v o l t s  and p r e f e r a b l y ,  f o r  s a f e t y ,  50 
v o l t s  i s  n o rm a l ly  a l lo w e d .  From th e  p l o t  i n  F ig u re  51 i t  a p p e a r s  t h a t  t h i s  
l e v e l  o f  V c a n  j u s t  be  o b t a i n e d  w i t h  a minimum power d i s s i p a t i o n  o f  a ro u n d
7 .2  mW p e r  c e l l  when th e  c e l l  b o r e  i s  a round  200 ym and th e  gas d e n s i t y  i s  
a p p r o p r i a t e l y  c h o s e n .  A c c o rd in g  to  th e  c a l c u l a t i o n  shown h e r e  t h e  v a lu e
o f  th e  Nb p r o d u c t  i s  f a i r l y  c r i t i c a l  and g iv e s  a  minimum power d i s s i p a t i o n  a t
2 4 - 2  .8 .1 0  m ( 2 .3  cm t o r r ) .  N o t i c e  t h a t  th e  w id e r  c e l l s  d i s s i p a t e  more power
s i n c e  th e y  have  to  be  f i l l e d  to  a  h i g h e r  gas d e n s i t y  to  o b t a i n  t h e  n e c e s s a r y
s w i tc h in g  v o l t a g e  g a p .  The n a r ro w e r  c e l l s  on th e  o t h e r  hand  have  a  r e l a t i v e l y
l a r g e r  s p r e a d  i n  th e  v o l t a g e s  d u e , t o  th e  i n c r e a s e d  r e l a t i v e  e f f e c t  o f  t h e
c e l l  t o l e r a n c e  on s m a l l e r  b o r e  g e o m e try .  They to o  need  to  be  f i l l e d  to  a
h i g h e r  gas d e n s i t y  th a n  t h a t  w hich  would  d i s s i p a t e  th e  minimum power b e f o r e
a s u f f i c i e n t  V i s  o b t a i n e d  to  o p e r a t e  th e  p a n e l s  r e l i a b l y .
§
A n o th e r  q u a n t i t y  w hich  i s  u s e f u l  to  e s t i m a t e  i s  th e  r e l a t i v e  r a t e
o f  c a th o d e  d e t e r i o r a t i o n  due to  s p u t t e r i n g .  T h is  h a s  b e e n  found to  be th e
one s i n g l e  f a c t o r  w hich  m ost l i m i t s  th e  l i f e  o f  th e  c e l l s .  T h is  i s  b e c a u s e
n o t  o n ly  does i t  w ear  away th e  c a th o d e  m a t e r i a l  b u t  i t  a l s o  h a s  t h e  e f f e c t
o f  a l t e r i n g  th e  *KT v a lu e  b e tw een  c e l l s  w hich  have  b e e n  used  more f r e q u e n t l y
and th o s e  w hich  have  n o t .  T h is  i n  i t s  t u r n  i n c r e a s e d  th e  s p re a d s  i n  th e
c h a r a c t e r i s t i c s .  The s p u t t e r  r a t e  i n c r e a s e s  as  a  power o f  th e  c u r r e n t
2d e n s i t y  a t  th e  c a th o d e  d iv id e d  by th e  gas d e n s i t y ,  i . e .  (4l/7rb N) a c c o r d in g
( 8) . . 
to  B. J .  S to c k e r  . I t  i s  t h e r e f o r e  p o s s i b l e  to  p l o t  t h i s  q u a n t i t y
a g a i n s t  th e  power d i s s i p a t i o n  f o r  d i f f e r e n t  c e l l  g e o m e t r ie s  and gas 
d e n s i t i e s  i n  th e  same way as  i n  F ig u re  5 1 .  Such a p l o t  i s  shown i n  
F ig u r e  52 . C e l l s  w i t h  th e  same o p e r a t i n g  p r o p e r t i e s  w i l l  te n d  to  have  
S i m i l a r  v a lu e s  f o r  th e  q u a n t i t y  I /N b .  T h is  f o l lo w s  from th e  V -  I  c h a r a c t e r ­
i s t i c s  b e in g  s i m i l a r  f o r  c e l l s  w i t h  th e  same Nb p r o d u c t .  Thus a s  we s e e  i n  
F ig u re  52 th e  s p u t t e r  r a t e  f a c t o r  s h o u ld  depend on 1 / b . I t  i s  th e  l a r g e r  
b o re  c e l l s  w hich  have  th e  s m a l l e s t  s p u t t e r  r a t e  a t  th e  minimum power 
d i s s i p a t i o n .  T h is  t e n d s  to  g iv e  a lo n g e r  l i f e  to  t h e s e  p a n e l s .  The 200 ym 
d ia m e te r  c e l l s  have  a s p u t t e r  f a c t o r  a b o u t  tw ic e  t h a t  o f  th e  300 ym 
d ia m e te r  and t h i s  i s  f u r t h e r  enhanced  by th e  power law dependance  o f  th e  
s p u t t e r  r a t e  on t h i s  f a c t o r .  The e f f e c t  i s  p a r t i c u l a r l y  e v i d e n t  w i t h  th e  
n a r ro w e r  c e l l s  when th e  c a th o d e s  a r e  exam ined a f t e r  b e in g  on l i f e  t e s t s .
I t  a p p e a r s  u n d e r  th e  m ic ro sc o p e  t h a t  th e  c e n t r e  o f  th e  c a th o d e s  a r e  
s p u t t e r e d  away more r a p i d l y  th a n  th e  e d g e s .  T h is  i s  p a r t l y  b e c a u s e  th e  
c u r r e n t  d e n s i t y  i s  n o t  e v e n t l y  d i s t r i b u t e d  b u t  t e n d s  to  c o n c e n t r a t e  tow ards  
th e  a x i s  o f  th e  c e l l .  The e f f e c t  o f  t h i s  i s  a c c e n t u a t e d  by th e  power law 
dependence  o f  th e  s p u t t e r  r a t e  on th e  c u r r e n t  d e n s i t y .  A ls o ,  how ever , 
m a t e r i a l  i s  c o n t i n u a l l y  b e in g  r e - d e p o s i t e d  c l o s e  to  th e  s i t e  from  w hich  i t  
i s  removed by th e  b a c k  s c a t t e r i n g  a c t i o n  o f  th e  gas a to m s .  T h is  m i g r a t i o n  
e f f e c t  a g a in  te n d s  to  remove th e  m a t e r i a l  from  th e  c e n t r a l  a r e a s  and to  
r e - d e p o s i t  i t  n e a rb y  on th e  low c u r r e n t  d e n s i t y  a r e a s  a t  t h e  e d g e s .  T h is  
r e - d e p o s i t e d  m a t e r i a l  h a s  a  d i f f e r e n t  p h y s i c a l  a p p e a ra n c e  from th e  o r i g i n a l  
c a th o d e  m a t e r i a l  and a p p e a r s  to  be v e ry  s i m i l a r  to  " c a r b o n  b l a c k "  i n  i t s  
t e x t u r e .  I t s  c a th o d e  p r o p e r t i e s - a r e  p r o b a b ly  a l s o  d i f f e r e n t  and th u s  would  
e x p l a i n  th e  i n c r e a s e d  s p r e a d  i n  c h a r a c t e r i s t i c s  b e tw e en  c e l l s  w hich  have  
b e e n  r u n  f r e q u e n t l y  when compared w i th  th o s e  w hich  have  n o t .
8 .4  Com parison  o f  A nodized  Aluminium and P h o to fo rm  G lass  S p a c e rs
I f  an  a n o d iz e d  a lum in ium  s p a c e r  p l a t e  w i t h  a d e p th  o f  500 ym c o u ld  
be made w i th  c e l l s  h a v in g  a 300 ym b o r e  t h i s  would e n a b le  p a n e l s  to  o p e r a t e
w i t h ,  a t  t h e  same t im e ,  a  s u f f i c i e n t  s w i t c h i n g  g a p ,  V , a t  t h e  minimum
§
power d i s s i p a t i o n ,  W^, and a l s o  a low enough s p u t t e r  r a t e  t o  g iv e  them a 
u s e f u l  o p e r a t i n g  l i f e .  The p r e s e n t  l i m i t  on th e  a n o d iz in g  p r o c e s s  p r e c l u d e s  
d e p th s  g r e a t e r  th a n  a b o u t  250 pm and so t h e  c e l l  b o r e s  m ust be made n a rro w  
enough t o  e n a b le  them t o  s w i tc h  p r o p e r l y  b u t  t h i s  means t h e i r  l i f e  e x p e c ta n c y  
i s  to o  low f o r  a  c o m m e rc ia l ly  v i a b l e  p a n e l .
D im ensions o f  t h i s  o r d e r  can e a s i l y  be o b t a i n e d  w i th  t h e  more 
e x p e n s iv e  p h o to fo rm  g l a s s  s p a c e r s .  However, t h e  c e l l  d e p th  m ust be  n e a r l y  
1 mm, o r  tw ic e  a s  d e e p ,  f o r  t h e s e  s p a c e r  p l a t e s  b e c a u s e  th e  f a c t o r ,  k ,  
r e p r e s e n t i n g  th e  l o s s  o f  i o n i z a t i o n  t o  t h e  w a l l s  i s ,  f o r  th e  i n i t i a l  
v o l t a g e  V , o n ly  a b o u t  one h a l f  o f  w hat i t  i s  f o r  t h e  a n o d iz e d  a lum in ium  
s p a c e r s .  The l o s s  f o r  t h e  r u n n in g  c h a r a c t e r i s t i c s  a r e ,  how ever ,  g r e a t e r  f o r  
th e  p h o to fo rm  g l a s s  s p a c e r s .  S i m i l a r  c a l c u l a t i o n s  can be made f o r  t h e s e  
s p a c e r  p l a t e s  f o r  t h e  s w i tc h i n g  v o l t a g e  g ap , t h e  power d i s s i p a t i o n  and th e  
s p u t t e r  r a t e  f a c t o r .  A gain  th e  optimum l i f e  i s  o b t a i n e d  f o r  p a n e l s  w i th
/gO\
c e l l s  o f  a  b o re  a round  300 ym i n  d i a m e t e r ,  se e  a l s o  J .  Sm ith  .
A number o f  e x p e r im e n ta l  d i s p l a y  p a n e l s  w i t h  8 l i n e s  o f  16 
c h a r a c t e r s  had  been  c o n s t r u c t e d  t o  t h i s  d e s ig n  and o p e r a t e d  s u c c e s s f u l l y .
See F i g u r e s  23 and 24 .
An a n a l y s i s  o f  th e  r e l a t i v e  power d i s s i p a t e d  by p a n e l s  i s  p r e s e n t e d  
i n  A ppendix  D. The q u a n t i t i e s  R^ Wq a r e  shown to  d e te rm in e  th e  s c a l e  o f  th e  
power d i s s i p a t i o n  a l t h o u g h  a c o r r e c t i o n  f a c t o r  C due to  gas h e a t i n g  may have 
t o  be a p p l i e d  when t h i s  i s  s i g n i f i c a n t .  F o r  t h e  two p a n e l s  shown i n  F i g u r e  
38 and F ig u r e  4 0 ,  w hich  a r e  c o n s t r u c t e d  w i t h  a p h o to fo rm  g l a s s  and an
a n o d iz e d  a lum in ium  s p a c e r  p l a t e  r e s p e c t i v e l y ,  t h e  v a lu e s  o f  W a r e
- 2  -2  . . °8*15 .10  and 2*83 .10  mW. The ca th o d e  m a t e r i a l  was n o m in a l ly  t h e  same
s c r e e n  p r i n t e d  c a rb o n .  However, th e  cu rve  f i t t i n g  r e s u l t s  i n d i c a t e d  t h a t
t h e  c a th o d e  K v a lu e s  were 4 .7 6  and 3 .6 3  r e s p e c t i v e l y .  U s ing  e q u a t i o n s  4 .2 7
and 4 .2 8  th e  c o r r e s p o n d in g  v a lu e s  o f  R ' a r e  found  to  be r e s p e c t i v e l y  3 .3 8
and 3 .8 2 .  These  and th e  o t h e r  r e l e v a n t  p a r a m e te r s  a r e  sum m arized i n
T ab le  IV . The c a l c u l a t e d  v a lu e  o f  W R i s  a b o u t  2 .5  t im e s  g r e a t e r  f o ro m
th e  p h o to fo rm  g l a s s  s p a c e r  th a n  i t  i s  f o r  t h e  a n o d iz e d  a lum in ium  s p a c e r ,  
w hich  t h e r e f o r e  d i s s i p a t e s  a p p r e c i a b l y  l e s s  power a t  th e  c o r r e s p o n d in g  
w ork ing  p o i n t .  The amount o f  gas  h e a t i n g  i s  sm a l l  f o r  th e  p h o to fo rm  s p a c e r  
and can p r o b a b ly  be n e g l e c t e d .  However, t h e r e  i s  a s i g n i f i c a n t  gas  h e a t i n g  
e f f e c t  a s s o c i a t e d  w i th  t h e  a n o d iz e d  a lum in ium  s p a c e r  as shown by th e  
c o e f f i c i e n t s  E and Q. T h is  w i l l  a l s o  a f f e c t  t h e  power d i s s i p a t i o n  th ro u g h  
th e  f a c t o r  C, a s  c a l c u l a t e d  i n  Appendix  D.
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TABLE IV
Com parison o f  Power D i s s i p a t i o n  and P a n e l  P a ra m e te r s
P r o p e r t y F i g .  38 F i g .  40 F i g .  55 ;D im ensions
C athode S c re e n  P r i n t e d  C S c re e n  P r i n t e d  C Brushed C
S p acer  P l a t e  \ p h o to fo rm A nodized A nodized
M a t e r i a l  J G la ss Aluminium Aluminium
Gas Neon Neon Xenon
G f  2 *3 .10~ 20 1 8*2
2 * 3 .10"2°  
8*2
-1 9
(1*83 .10
\65*3
2
- l m -1  cm t o r r
r 2 f 6*88 .10 /  7 * 4 4 .1019 [3*37 .10 V o l t s  m2C
\  245 I  265 \1200 V o l t /c m  t o r r
K 4-76 3*63 8*21
k 0*492 0*936 1*39
k/K 0*103 0*258 0*170
k* 1*655 1*258 3*165
k * /k 3*36 1*34 2 .2 7
VQ = C2K/G 142 117 151 V o l t s
8 * 1 5 .10“ 5 2 :8 3 .1 0 ” 5 1 - 6 0 .10"5 W atts
Sm 1*929 1*985 1*832
^m 3*384 3*821 2*824
^o^m 2 * 7 6 .1 0 “ 4 1 * 0 8 .1 0 -4 4 * 5 2 .10” 5 W atts
E 0 0*158 2 * 3 .1 0 -4 mm2 /W att
0
f 2 * 1 3 . lO42 |2 * 6 2 .1 0 35 m” 4 /W a t t
Q |  16*8 \2  *06.10-6 cm2 t o r r 2 /W a t t
v h / v G 2*2 2*2 2*2
p 15 15 15
Nb J l ‘ 1 .1 0 21 f 8 * 0 .1020 [ 2 * 6 .1020
m-2
1  3*0 \  2*3 \0* 73 cm t o r r
b 0*24 to  0*30’ 0*2 0*32 mm
$ 0 7*28 2-.25.10” 3 , W a t t s ” 3
X 43*5 43*5 43* 5
X 0 3 * 4 2 .10” 2 4* 4 2 . 10” 6
c 1 •0*932 1*000
> h
1 2 .1 0 -3 4 * 4 .10"3 1 - 9 7 .1 0 ” 3 W a tts
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To e s t i m a t e  t h e  <; f a c t o r  we t a k e  t h e  p a n e l  w i t h  p h o to  form  g l a s s
s p a c e r  p l a t e  as  th e  s t a n d a r d ,  and assume th e  gas h e a t i n g  f a c t o r  ip i s
n e g l i g i b l e  f o r  t h i s  p a n e l  a t  t h e  s t a n d a r d  o p e r a t i n g  p o i n t .  T h is  i s
a ro u n d  v ' =  300 V o l t s ,  Wu ' =  1 2 .1 0 “ 3 W a t t s ,  P = 15 and so Nb = 1 « 1 .1 0 21 
-2m ( 3 .0  cm t o r r ) .  These  c o n d i t i o n s  d e te rm in e  th e  o p e r a t i n g  p o i n t  
c o n s t a n t  X = -^n t i^e  a b se n c e  o f  gas  h e a t i n g .  I t  y i e l d s  a  v a lu e
X = 4 3 .5 .
F o r  t h e  a n o d iz e d  a lum in ium  s p a c e r  p a n e l  we t a k e  t h e  same c o n d i t i o n s
20 -2as  th o s e  i n  S e c t i o n  8 . 3 ,  i . e .  b = 0 .2  mm, Nb = 8 .1 0  m ( 2 .3  cm t o r r )  . The
gas h e a t i n g  c o n s t a n t  ip can t h e n  be c a l c u l a t e d  by  com bin ing  th e  two f i t t e d
c o n s t a n t s  E and Q, a c c o r d in g  t o  e q u a t i o n  D .8 .  T h is  y i e l d  iJj = 7 .2 8  W ^ and
f o r  th e  c o r r e s p o n d in g  d im e n s io n le s s  f a c t o r  (£ = ipx R W ) th e  v a lu e  £ =
—2 m o
3 .4 2  10 . T h is  a l lo w s  th e  power d i s s i p a t i o n  c o r r e c t i o n  f a c t o r  £ t o  be
e s t i m a t e d  e i t h e r  from  th e  g rap h  o f  F ig u r e  D.2 o r  from  th e  a p p ro x im a te
e q u a t i o n  be low  w hich  i s  v a l i d  when £ «  1 , as  i t  i s  h e r e .
C -  1 -  2£  8 . 1
i .I
Thus X, = 0 .9 3 2  w hich  c o r r e s p o n d s  to  a  7% r e d u c t i o n  o f  th e  power and a  power
- 3d i s s i p a t i o n  o f  = 4 * 4 .1 0  W a t t s .
T h is  i s  61% o f  t h e  optimum d i s s i p a t i o n  c a l c u l a t e d  i n  S e c t i o n  8 .3
w hich  makes some a l lo w a n c e s  f o r  t h e  s p re a d  i n  s w i t c h i n g  v o l t a g e s  when
c a l c u l a t e d  o v e r  th e  w hole  p a n e l  and w hich  a r e  i n t r o d u c e d  by th e  e f f e c t  o f  gas
h e a t i n g .  T h is  s p re a d  i s  c l e a r l y  d e t r i m e n t a l  and m ust be w eighed  a g a i n s t  any
im provem ent w hich  may be i n t r o d u c e d  by th e  gas  h e a t i n g  i n  r e d u c in g  th e
d i s s i p a t i o n  o f  i n d i v i d u a l  c e l l s .  I n  t h i s  c a se  th e  e f f e c t  o f  t h e  s p r e a d  i n
s w i tc h in g  v o l t a g e s  o u tw e ig h s  t h i s  r e d u c t i o n  i n  t h e  power d i s s i p a t i o n .
However, t h e  a n o d iz e d  a lum in ium  s p a c e r  rem a in s  s i g n i f i c a n t l y  b e t t e r  on •
p a p e r .  I t s  g e o m e t r i c a l  r a t i o  d /b  need  n o t  be as  l a r g e  b e c a u s e  th e  r a t i o  o f
k/K i s  some 2 .5  t im e s  g r e a t e r  and t h e r e f o r e  t h e  s w i t c h i n g  v o l t a g e  gap b e tw e en
V and V can be  a c h ie v e d  w i t h  a c o r r e s p o n d in g  s m a l l e r  v a lu e  o f  d / b .  I t s  s e
d i s s i p a t i o n  c o n s t a n t  R Wq i s  a l s o  l e s s  by a b o u t  t h e  same f a c t o r  b e c a u s e  t h e
w a l l  l o s s  i s  l e s s  when i n  t h e  s w i tc h  on s t a t e .
However, th e  h e a t i n g  e f f e c t  i s  n o t  enough t o  s i g n i f i c a n t l y  r e d u c e  
th e  d i s s i p a t i o n .  I t  m e re ly  i n t r o d u c e s  a s p r e a d  i n  t h e  s w i t c h i n g  v o l t a g e s  
be tw een  th o s e  c e l l s  w hich  have  been  on and th o s e  w hich  have n o t .  T h is  
c a u se s  t h e  improvem ent i n  t h e  power d i s s i p a t i o n  w hich  can be a c h ie v e d  t o  be  
a p p ro x im a te ly  th e  s q u a re  r o o t  o f  t h e  im provem ent w hich  m ig h t  o t h e r w i s e  be
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e x p e c t e d .  N ote  t h a t  t h e  gas h e a t i n g  i s  n o t  e n t i r e l y  d e t r i m e n t a l  t o  th e  
p a n e l  b e c a u s e  i t  can a l s o  im prove th e  a b i l i t y  t o  w i t h s t a n d  some form s o f  
i n s t a b i l i t i e s ,  se e  S e c t i o n  8 . 6 .  The t e c h n o l o g i c a l  d i f f i c u l t i e s  o f  m aking 
such  a p l a t e  t h i c k e r  th a n  a b o u t  0 .2 5  mm s t i l l  r e m a in s .  One p o s s i b i l i t y  i s  
to  make i t  from  two p l a t e s  w hich  a r e  j i g g e d  t o g e t h e r  and d r i l l e d  as  one 
p i e c e  b u t  a n o d iz e d  s e p a r a t e l y .  They n eed  to  be j i g g e d  t o g e t h e r  a g a in  f o r  
t h e  f i n a l  s e a l i n g - u p  p r o c e s s  i n  o r d e r  to  keep  b o th  h a lv e s  p r o p e r l y  a l i g n e d .
The c o s t  c o u ld  w e l l  be  tw ic e  t h a t  o f  a s i n g l e  p l a t e .  I n  th e  p r e s e n t  
e x p e r im e n ta l  p a n e l s  made from  p h o to fo rm  g l a s s ,  th e  h e a t  a c c u m u la te s  and 
th e  c a th o d e  p l a t e  becomes a p p r e c i a b l y  h o t t e r  th a n  th e  r e s t  o f  t h e  e n v e lo p e  
when th e  m a j o r i t y  o f  t h e  c e l l s  a r e  o p e r a t i n g .  To a id  t h e  e x t r a c t i o n  o f  t h i s  
h e a t  and p r e v e n t  t h e  c h a r a c t e r i s t i c s  d r i f t i n g  o u t  o f  s p e c i f i c a t i o n ,  th e  p a n e l  
m ust be mounted on a h e a t  s i n k i n g  p l a t e  f i t t e d  w i t h  c o o l in g  f i n s .  Even s o ,  
f o r c e d  a i r  c o o l in g  u s in g  a f a n  i s  r e q u i r e d .  I t  h a s  been  c a l c u l a t e d ^ ^  t h a t  
t h i s  f a n ,  w hich  i s  e x p e n s iv e  and d e t r a c t s  from  th e  o th e r w i s e  s l i m  a p p e a ra n c e  
o f  t h e  d i s p l a y ,  c o u ld  be e l i m i n a t e d  i f  th e  h e a t  d i s s i p a t i o n  was h a lv e d .
T h e re  i s  t h e r e f o r e  some c o n s i d e r a b l e  com m ercial inducem en t to  r e d u c e  th e  
power d i s s i p a t i o n  s u f f i c i e n t l y  f o r  a  f a n  to  be u n n e c e s s a ry .
8 .5  The Use o f  O th e r  I n e r t  Gases
8 .5 .1  Gas P u r i t y
The b e s t  memory c h a r a c t e r i s t i c s  and th e  b r i g h t e s t  l i g h t  o u t p u t s
have  a lw ays been  o b t a i n e d  w i th  100% p u re  neon  gas  f i l l i n g s . T h is  a s p e c t
h a s  n o t  been  f u r t h e r  i n v e s t i g a t e d  i n  any d e t a i l  by th e  a u th o r .  However,
m easu rem en ts  were made a s  a  m a t t e r  o f  r o u t i n e  to  e s t a b l i s h  th e  l e v e l s  o f
\
i m p u r i t i e s  i n  th e  sy s te m .
F o r  t h i s  p u rp o se  a Vacuum G e n e r a to r  mass s p e c t r o m e te r  ty p e  m icrom ass
2A was u s e d .  A t y p i c a l  s e r i e s  o f  mass s p e c t r o g r a p h s  a r e  shown i n  F i g u r e  53 .
B e s id e s  n e o n ,  Ne, o f  mass (20) and ( 2 2 ) ,  w a te r  v a p o u r ,  H20 ,  ( 1 8 ) ,
c a rb o n  m onoxide , CO, (28) and c a rb o n  d i o x i d e ,  CO2 , (44) were a lw ays  p r e s e n t
t o  some e x t e n t ,  t o g e t h e r  w i t h  v a r i o u s  h y d ro c a rb o n s  ( 1 7 ,  e t c . ) . T h is  i s
- 9even  a f t e r  a  p ro lo n g e d  b a k e - o u t  to  r e a c h  b a s e  p r e s s u r e s  o f  1 .1 0  t o r r .
Some o f  t h e s e  i m p u r i t i e s  were c o n t r i b u t e d  by th e  mass s p e c t r o m e te r  f i l a m e n t
. - 9
i t s e l f ,  b e c a u s e  i t  was o b s e rv e d  t h a t  th e  b a s e  p r e s s u r e  would r i s e  to  2 .1 0
when i t  was s w i tc h e d  on . O th e r  i m p u r i t i e s  such  as  th e  CO and C0£ w ere  
a lw ays p r e s e n t  and co u ld  be a s s o c i a t e d  w i th  t h e  s t a i n l e s s  s t e e l  vacuum 
s y s te m . These a l l  t e n d e d  t o  be f lu s h e d  o u t  when th e  neon  gas sam ple  from  
th e  p a n e l  was le a k e d  i n t o  t h e  s p e c t r o m e te r ,  se e  c u rv e  a ) .  The l e v e l  o f  t h e s e
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i m p u r i t i e s  r o s e  s t e a d i l y  a f t e r  t h e  s a m p l in g  from  th e  p a n e l  was s h u t  o f f ,  
c u rv e  b ) . T h e re  was no i n d i c a t i o n  o f  any s i g n i f i c a n t  l e v e l s  o f  i m p u r i t i e s  
g e n e r a te d  i n  t h e  p a n e l  a f t e r  ru n n in g  i t  w i th  th e  m a j o r i t y  o f  th e  c e l l s
a l i g h t .  We c o n c lu d e  t h a t  th e  c a rb o n  c a th o d e  a f t e r  b a k in g  i s  n o t  a f f e c t i n g
th e  glow d i s c h a r g e  s i g n i f i c a n t l y  by o u t g a s i n g  o f  any im p u r i ty  g a s e s  w hich  
i t  may have  a b s o rb e d  d u r in g  m a n u f a c tu r e .
8 . 5 . 2  Xenon Gas C h a r a c t e r i s t i c s
The glow d i s c h a r g e  i n  p u re  xenon gas  i s  v e r y  f a i n t  and d i f f i c u l t  
to  s e e . '  However, i t  does  e m i t  c o p io u s ly  i n  th e  u l t r a v i o l e t  r e g i o n  o f  t h e  
s p e c t ru m . I t  h a s  t h e r e f o r e  b een  s u g g e s t e d  t h a t  xenon c o u ld  be u sed  in  
c o n ju n c t io n  w i t h  a  UV p h o sp h o r  t o  c o n v e r t  t h e  UV l i g h t  t o  th e  v i s i b l e  and 
so p ro d u ce  a b r i g h t  d i s p l a y .  F u r t h e r ,  i t  was s u g g e s t e d  t h a t  t h e  xenon glow 
m ig h t  e x h i b i t  a  h i g h l y  r e s i s t i v e  V -  I  c h a r a c t e r i s t i c  b e c a u s e  o f  i t s  heavy  
a to m ic  mass and low m o b i l i t y .  T h is  would e n a b le  a  d . c .  memory d i s p l a y  to  
be p ro d u ce d  more e a s i l y  and i t  i s  p o s s i b l e  t h a t  i t  would  d i s s i p a t e  l e s s
h e a t  th a n  th e  c o r r e s p o n d in g  neon  d i s p l a y .  T h is  f o l lo w s  from  W ard’ s
2 . . .  . .c o e f f i c i e n t s  G and C , e q u a t i o n  4 . 1 ,  f o r  th e  i o n i z a t i o n  c o e f f i c i e n t  a f o r
xenon w hich a r e  r e s p e c t i v e l y  some 8 and 4 .5  t im e s  g r e a t e r  th a n  th e
c o r r e s p o n d in g  v a lu e s  f o r  n e o n .  Thus i f  t h e  c a th o d e  K v a lu e  was a p p r o x im a te ly
2t h e  same th e  v o l t a g e s ,  w hich  s c a l e  as  (C K /G ) , s h o u ld  be  a b o u t  h a l f  i n  xenon 
compared w i th  w hat th e y  a r e  i n  n e o n .  However, m easurem ents  have  shown t h a t  
t h e  v o l t a g e s  i n  xenon a r e  n o t  much d i f f e r e n t  from  th o s e  found  i n  neon  when 
t h e s e  a r e  t a k e n  n e a r  th e  minimum v a lu e  o f  V , se e  F ig u r e  54 . The p o s i t i v e  
r e s i s t i v e  s lo p e s  d l /d V  a r e ,  ho w ev er ,  g r e a t e r  and th e  v a lu e  o f  t h e  e x t i n c t i o n  
c u r r e n t ,  1 ^ ,  low er  t h a n  t h e  c o r r e s p o n d in g  v a lu e s  w i t h  n e o n .  T h is  means 
t h a t  t h e  d i s s i p a t i o n  a t  t h e  h o l d in g  v o l t a g e  would  in d e e d  be  s i g n i f i c a n t l y  
l e s s ,  se e  T ab le  IV . A n o th e r  d i f f e r e n c e  i s  t h a t  t h e  c u rv e s  a l l  e x h i b i t  a 
p ronounced  downwards c u r v a t u r e  o f  th e  r e s i s t i v e  s l o p e s ,  w hich  s u g g e s t s  t h a t  
d i r e c t  h e a t i n g  o f  th e  gas  i s  a lm o s t  n e g l i g i b l e .  T h is  i s  i l l u s t r a t e d  by th e  
c u rv e s  i n  F ig u r e  55 . I n  t h i s  f i g u r e  an e x t r a c t  i s  shown from  a s i m i l a r  s e t  
o f  c u rv e s  a s  was t a k e n  f o r  neon  gas and shown i n  F i g u r e  40 . Only th e  c u rv e s  
f o r  th e  l a r g e r  b o re  c e l l s  have  been  shown t o g e t h e r  w i t h  t h e  t h e o r e t i c a l l y  
f i t t e d  p a r a m e te r s  f o r  a l l  o f  t h e  c u r v e s .  A sam ple  o f  th e  c o r r e s p o n d in g  
m easu red  e x p e r im e n ta l  p o i n t s  a r e  a l s o  shown. I n d i r e c t  h e a t i n g  o f  t h e  gas  
v i a  t h e  c a th o d e  does o c c u r  b e c a u s e  t h e  c o e f f i c i e n t  E ,  b u t  n o t  th e  c o e f f i c i e n t  
Q, i s  found  to  be s i g n i f i c a n t  f o r  th e  s m a l l e r  b o r e  c e l l s .  S i m i l a r  c a l c u l a t i o n s  
have  b een  c a r r i e d  o u t  f o r  xenon as th o s e  d e s c r i b e d  i n  S e c t i o n  8 . 4 .  The
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r e s u l t s  o f  t h e s e  a r e  a l s o  sum m arized i n  T a b le  IV . F o r  t h e  l a r g e r  b o r e  c e l l
c o n s id e r e d ,  320 ym, no s i g n i f i c a n t  gas h e a t i n g  i s  o b t a i n e d  C = 1• The
d i s s i p a t i o n  Wq i s  some 6 .1  t im e s  s m a l l e r  th a n  th e  s t a n d a r d  p a n e l  w i th
a p h o to fo rm  s p a c e r  p l a t e .  However, th e  v o l t a g e  gap w i t h  t h e  250 ym deep
a n o d iz e d  a lum inium  i s  n o t  g r e a t  enough f o r  r e l i a b l e  s w i tc h in g  o f  a  p a n e l .
*
The k/K r a t i o  i s  s m a l l e r  th a n  i t  was m  neon  and a l s o  th e  r a t i o  k / k  i s  
l a r g e r ,  th o u g h  n o t  as  l a r g e  as  i n  t h e  s t a n d a r d  p a n e l .  T h is  l a t t e r  r a t i o  i s  
r e s p o n s i b l e  f o r  t h e  ’ c re e p  o n ’ a t  low gas d e n s i t i e s  when th e  e x t i n c t i o n  
v o l t a g e  can o v e r t a k e  t h e  s t r i k e  due to  t h e  e x t r a  w a l l  l o s s  n e a r  t h e  c a th o d e  
i n  t h e .  Von’ s t a t e .  T h is  i n  t u r n  means t h a t  t h e  gas d e n s i t y  b o re  p r o d u c t ,
Nb, m ust be  s i g n i f i c a n t l y  g r e a t e r  to  m a i n t a i n  t h e  n e c e s s a r y  s w i t c h i n g  v o l t a g e  
gap . T h is  i n c r e a s e s  t h e  power d i s s i p a t i o n .  The a l t e r n a t i v e  i s  to  make th e  
c e l l  g e o m e t r i c a l  r a t i o  d /b  g r e a t e r .
I f  t h e  c e l l  b o r e  i s  r e d u c e d ,  s p u t t e r i n g ,  w hich  i s  n e a r l y  tw ic e  as 
f a s t  in  xenon due t o  t h e  h e a v i e r  a to m ic  m ass ,  becomes a p ro b le m , se e  
F ig u r e  32b f o r  th e  r e l a t i v e  s p u t t e r  r a t e s .  T h is  i s  b e c a u s e  t h e  f i n e r  b o r e  
c e l l s  have  a h i g h e r  c u r r e n t  d e n s i t y  and c e l l s  can be o b s e rv e d  to  d e t e r i o r a t e  
r a p i d l y  i n  xenon even  w h i l e  p e r f o r m in g  a s e r i e s  o f  s h o r t  e x p e r im e n ta l  m e a su re ­
m e n ts .  The c h a r a c t e r i s t i c s  a l s o  a p p e a r  t o  be  much l e s s  s t a b l e  and have  a 
te n d e n c y  t o  a r c  u n e x p e c t e d ly .  T h is  i s  d i s c u s s e d  i n  t h e  f o l l o w in g  s e c t i o n .
I t  h a s  b een  o b s e rv e d  t h a t  th e  c u rv e  f i t t i n g  f o r  xenon gas  i n  th e  
r e s t r i c t e d  glow a l s o  te n d s  t o  d e m o n s t ra te  t h a t  th e  d i s c h a r g e  can t a k e  a 
l o n g e r  p a th  th a n  th e  s t r a i g h t  anode c a th o d e  d i s t a n c e ,  d .  A llow ance  a g a in  
h a s  had to  be made f o r  t h e  p o s s i b i l i t y  t h a t  a  p a t h  as  lo n g  a s  t h e  d i a g o n a l  
d i s t a n c e  / d ?- + b 2 can  be  t a k e n  i f  t h i s  p ro v e s  to  have  a lo w er  v o l t a g e  th a n  
a s h o r t e r  d i s t a n c e .  These  e f f e c t s  have  b een  i n c l u d e d  I n  t h e  t h e o r e t i c a l  
c a l c u l a t i o n s  f o r  F ig u r e  54 and F ig u re  5 5 .
8 .6  The S t a b i l i t y  o f  t h e  Abnormal Glow -
The p ro b lem  o f  t h e  s t a b i l i t y  o f  t h e  memory c h a r a c t e r i s t i c s  o f  th e
i n d i v i d u a l  c e l l s  i n  a  d i s p l a y  p a n e l  h a s  b een  b r i e f l y  r e f e r r e d  to  i n  th e
i n t r o d u c t i o n  i n  C h a p te r  1 . Even i n  a p a n e l  o f  m o d era te  s i z e  t h e r e  a r e  
4^  10 c e l l s  w hich  a r e  c o n n e c te d  t o g e t h e r  i n  p a r a l l e l  a c r o s s  t h e  s u p p ly  
v o l t a g e .  Thus i f  th e  impedance o f  one c e l l  goes down a  c a t a s t r o p h i c a l l y  
h ig h  c u r r e n t  can f lo w  th ro u g h  i t  w i t h o u t  a p p r e c i a b l y  a f f e c t i n g  th e  s u p p ly  
v o l t a g e .  I t  i s  t r u e  t h a t  w i th  a  c r o s s - b a r  sy s te m  o f  a d d r e s s in g  th e  c u r r e n t  
w hich f lo w s  i n t o  any one c o n n e c t io n  l i n e  may be  l i m i t e d  to  a maximum e q u a l  
to  th e  sum o f  th e  c u r r e n t  w hich  may be t a k e n  by a l l  th e  c e l l s  i n  t h a t  l i n e .
However, t h i s  number o f  c e l l s  can be as  h ig h  as  t h e  s q u a re  r o o t  o f  th e  
t o t a l  number o f  c e l l s  a l t h o u g h  i t  w i l l  be  a  l i t t l e  l e s s  i f  th e  p a n e l  i s  n o t
s q u a re  i n  s h a p e .  T h e r e f o r e ,  even  i n  t h i s  c a s e  t h e  c u r r e n t  i s  enough to  b u rn
o u t  t h e  c e l l  even  i f  i t  i s  n o t  enough t o  f u s e  t h e  c o n n e c t in g  l i n e .  S in c e  th e n  
t h e r e  i s  v i r t u a l l y  no e x t e r n a l  c o n t r o l  o f  t h e  c u r r e n t  w h ich  can be  t a k e n  by 
th e  i n d i v i d u a l  c e l l s  e a c h  c e l l  m ust p o s s e s s  i t s  own s t a b l e  im pedance . T h is  
m ust have  a p o s i t i v e  r e s i s t a n c e  component w hich  i s  g r e a t  enough to  l i m i t
th e  c e l l s  own c u r r e n t  and t o  damp o u t  any p e r t u r b a t i o n s  i n  t h i s  c u r r e n t  w hich
may s p o n ta n e o u s ly  a r i s e .
8 . 6 . 1  The S t a b i l i t y  o f  t h e  Cathode TKT F a c to r
The d i s c h a r g e  i s  s e l f - s u s t a i n e d  by a  p o s i t i v e  f e e d b a c k  p r o c e s s  
w hich  i n i t i a l l y  anyway i s  u n s t a b l e  b e c a u s e  i t  a l lo w s  th e  c u r r e n t  to  b u i l d  
up w i t h o u t  th e  v o l t a g e  r i s i n g .  T h is  o c c u r s  i n  t h e  Townsend glow and 
s u b s e q u e n t ly  th e  v o l t a g e  a c t u a l l y  f a l l s  i n  t h e  subnorm al g low , i t  t h e n  
rem a in s  a lm o s t  c o n s t a n t  i n  t h e  norm al glow and o n ly  b e g in s  to  r i s e  a g a in  
w i th  c u r r e n t  i n  th e  abnorm al g low. The c u r r e n t  r i s e s  i n  th e  abnorm al glow 
u n t i l  i t  i s  such  t h a t  t h e  c e l l  v o l t a g e  e q u a l s  t h e  a p p l i e d  v o l t a g e .  T h is  
e q u i l i b r i u m  m ust now be  exam ined  to  se e  how s t a b l e  i t  i s  a g a i n s t  th e  
v a r i o u s  p e r t u r b a t i o n s  w hich  may a r i s e .  A n e c e s s a r y  and s u f f i c i e n t  c o n d i t i o n  
t h a t  t h e  o p e r a t i n g  p o i n t  i s  s t a b l e  i s  t h a t  t h e  v o l t a g e  s h o u ld  r i s e  and f a l l  
i n  p h ase  w i t h  any r i s e  o r  f a l l  o f  t h e  c u r r e n t  due to  random f l u c t u a t i o n s  
i n  t h e  m u l t i p l i c a t i o n  o r  f e e d b a c k  p r o c e s s e s .
/ £ r \
K. G. Em eleus h a s  d e s c r i b e d  how one such  i n s t a b i l i t y  can a r i s e ,  
i f  t h e  y and 6 p r o c e s s e s  a r e  n o t  l i n e a r l y  d e p e n d en t  on th e  r e s p e c t i v e
+ —  •  # t
c u r r e n t  d e n s i t y  components J  and . H is  a n a l y s i s  i s  a  s i m p l i f i c a t i o n
o t  (66)
o f  t h a t  o r i g i n a l l y  p ro p o se d  by G. E c k e rs  e t  a l  who d e v e lo p e d  a
d i s p e r s i o n  r e l a t i o n s h i p  w hich  th e y  e v a l u a t e d  by N y q u i s t ’ s th eo re m .
H ere  we e x te n d  th e  E m e le u s ’ a n a l y s i s  to  i n c l u d e  b o th  com ponents  
o f  th e  y f e e d b a c k  p r o c e s s ,  nam ely  y o a n d y ^ ,  se e  e q u a t i o n s  4 . 4 .  We su p p o se  
e a ch  c o e f f i c i e n t  i s  composed o f  a  l i n e a r  component d e s i g n a t e d  w i t h  a  
s u b s c r i p t  and a n o n - l i n e a r  ( q u a d r a t i c )  one w i t h  s u b s c r i p t  ’n ’ . Thus:
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The c o n d i t i o n  t h a t  a  sp o n ta n e o u s  c u r r e n t  p e r t u r b a t i o n  AJ composed o f  
— +
components AJ and AJ s h o u ld  n o t  have  grown a f t e r  one co m p le te  f e e d b a c k  
c y c le  th e n  f o l lo w s  from  an a n a lo g o u s  c o m p u ta t io n  t o  t h a t  g iv e n  by Em eleus 
and i s :
£
1 + 1h u  
) j 1 + W Yi * )
j 1 + S)  ( *  + Yo / Yi )
( l  + 1 / Yi ]
< 1 8 .5
On s u b s t i t u t i n g  e q u a t i o n s  8 . 2 ,  8 .3  and 8 .4  i n  e q u a t i o n  8 .5  and a ssum ing  
th e  q u a d r a t i c  te rm s  a r e  s m a l l  we o b t a i n  th e  a p p ro x im a te  e x p r e s s io n  f o r  
s t a b i l i t y  be low :
n
1  +  6 ,
+ J on
+ v
__ ++ J  Y .o ' m 1 + Yu
W Yi)> ’
+ Yi i
< 0
8 . 6
S t a b i l i t y  i s  a s s u r e d  i f  a l l  t h e  n o n - l i n e a r  te rm s  y , y .  and 6 a r e  
J on m  n
n e g a t i v e  w hich  i s  n o r m a l ly  t h e  c a se  o r  e l s e  th e  glow c o u ld  n e v e r  be  s t a b l e  
A lso  th e  e x p r e s s io n  o f  w h o le ly  l i n e a r  te rm s
1 W Yu  1
1 + Yi£  Yo* YU
s h o u ld  be  p o s i t i v e .  T h is  c o n d i t i o n  can be  s i m p l i f i e d  t o  g ive:
yo£ <  Yit. 8 .7
I t  sh o u ld  be  compared w i t h  t h e  c o n d i t i o n  t h a t  K g iv e n  by e q u a t i o n  4 .7  i s  
l a r g e ,  sa y  ^  6 . T h is  c o n d i t i o n  i m p l ie s  t h a t :
<  450 311,1 Y~ <  Y^ 8 . 8
The s u b s c r i p t  £ can be  d ro p p ed  now i n  th e  c o n d i t i o n  8 .7  i f  t h e  q u a d r a t i c  
te rm s  a r e  a p p r e c i a b l y  s m a l l e r  th a n  th e  l i n e a r  t e r m s .  Comparing t h i s  c o n d i t i o n
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w i th  th e  c o n d i t i o n s  8 .8  we se e  t h a t  th e  fo rm e r  i s  much more s t r i n g e n t  and
6 .1 0  f o r  t h i s  v a lu e  o f  K. N o t i c e  a l s o  t h a t  s t a b i l i t y  becomes l e s s  and 
l e s s  e a sy  to  i n s u r e  as  t h e  v a lu e  o f  K i n c r e a s e s .
I n  th e  above a n a l y s i s  no m en t io n  h a s  b e e n  made o f  th e  e f f e c t  o f  
t h i s  c u r r e n t  i n c r e a s e  on th e  v o l t a g e  c h a r a c t e r i s t i c s .  I n  E m e le u s 's  a n a l y s i s  
th e  m u l t i p l i c a t i o n  due t o  gas i o n i z a t i o n  i s  assumed t o  be u n a f f e c t e d  by th e  
p e r t u r b a t i o n .  T h is  means t h a t  F t h e  i o n i z a t i o n  i n t e g r a l  i s  n o t  a l t e r e d .  
However, t h e  r i s e  i n  t h e  f e e d b a c k  a m p l i f i c a t i o n  i m p l i e s  a  d e c r e a s e  i n  K.
T h is  w i l l  r e d u c e  th e  s c a l e  o f  t h e  v o l t a g e ,  Vo> p r o p o r t i o n a l l y  and c a u se  
b o th  t h e  shape  f a c t o r  ’ s ’ and th e  d i s s i p a t i o n  f a c t o r  Rm t o  i n c r e a s e  a c c o r d in g  
to  e q u a t i o n s  4 . 1 0 ,  4 .2 7  and 4 .2 8  r e s p e c t i v e l y .  R e f e r r i n g  to  F i g u r e  C3 o f  
A ppendix  C th e  r e s u l t  o f  t h i s  w i l l  be  to  d e c r e a s e  b o th  th e  v o l t a g e  V and 
t h e  r e d u c e d  f i e l d  q ,  b u t  t o  i n c r e a s e  th e  d i s s i p a t i o n  W. I t  would t h e r e f o r e  
a p p e a r  t h a t  such  a p e r t u r b a t i o n  i s  in d e e d  u n s t a b l e  b e c a u s e  i t  p o s s e s s e s  a 
n e g a t i v e  d i f f e r e n t i a l  im pedance w i t h  t h e  v o l t a g e  f a l l i n g  as  th e  c u r r e n t  b u i l d s  
up . I t  depends on h a v in g  a n o n - l i n e a r  te rm  a s s o c i a t e d  w i t h  th e  io n  fe e d b a c k  
m echanism  t o g e t h e r  w i t h  r a t h e r  to o  l a r g e  a p h o to n  fe e d b a c k  f a c t o r  i n  com­
p a r i s o n  w i th  th e  io n  fe e d b a c k  f a c t o r .  S t a b i l i t y  becomes l e s s  e a s y  t o  e n s u re  
as  th e  ’K’ f a c t o r ,  w hich  i s  a s s o c i a t e d  s o l e l y  w i t h  t h e  c a th o d e  and t h e  gas  
f i l l i n g ,  i s  i n c r e a s e d .
io n  c u r r e n t  i s  h ig h  i n  th e  r e g i o n  o f  th e  c a th o d e  f a l l ,  t h e  gas  d e n s i t y  n e a r  
th e  c a th o d e  may be enhanced  by th e  p r e s s u r e  t h e s e  io n s  e x e r t  on th e  gas  
a tom s. T h is  p r e s s u r e  r e s u l t s  from  th e  momentum t r a n s f e r r e d  from  th e  io n  
s t r e a m  t o  t h e  b a c kg round  gas  th ro u g h  th e  e l a s t i c  and c h a r g e - e x c h a n g in g  
c o l l i s i o n s .  The e x p r e s s i o n  f o r  t h e s e  d e n s i t y  c h a n g e s , w hich  was d e r i v e d  
by Cosens and H olm es, may be  w r i t t e n  i n  o u r  n o t a t i o n s  a s :
f o r  a s s u r e d  s t a b i l i t y ,  t h e  p h o to n  fe e d b a c k  te rm ,  y , s h o u ld  be l e s s  th a n
8 . 6 . 2  The S t a b i l i t y  A g a in s t  V a r i a t i o n s  o f  th e  Gas D e n s i ty
We now exam ine th e  c o n seq u en ces  o f  gas  d e n s i t y  v a r i a t i o n s  w h ich  may 
r e s u l t  from  th e  m echanism  f i r s t  p ro p o se d  by Cosens and H o l m e s ^  . When th e
8 .9
w h e re ,  a c c o r d in g  t o  t h e s e  a u th o r s :
^  _    ePTrb^________
S 2N fq + q 1 d^ o(nx ne J
8.10
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D i s  t h e  d e n s i t y  in d e p e n d e n t  fo rm  o f  t h e  gas  d i f f u s i o n  c o e f f i c i e n t  and q g 
and qx  a r e  th e  e l a s t i c  and c h a rg e - e x c h a n g in g  c o l l i s i o n  c r o s s  s e c t i o n s  f o r  
th e  i o n s  w i t h  t h e i r  own gas a to m s .  I t  i s  now n e c e s s a r y  t o  se e  What th e  
c o n seq u e n c e s  o f  a  s m a l l  d e n s i t y  f l u c t u a t i o n  m ig h t  be when fo l lo w e d  th ro u g h  
t o  t h e  r e s u l t i n g  r u n n in g  v o l t a g e .  I f  t h i s  v o l t a g e  s h o u ld  f a l l  th e n  th e  
o p e r a t i n g  p o i n t  w i l l  be  u n s t a b l e .  The a n a l y s i s  f o l lo w s  a lo n g  much th e  
same l i n e s  a s  i n  A ppendix  D, e x c e p t  now r  can  be  g r e a t e r  th a n  u n i t y .  U sing  
e q u a t i o n  8 .9  we may w r i t e :
W = IV = VI a rc o s  s
_i
.  2 8.11
- 1W ith  x  = il/n  r .a n d  y = r  5 we o b t a i n  by s u b s t i t u t i n g  f o r  W i n  e q u a t i o n  D.5
5 /2  f  4 2x  = y a r c o s  y■]
VI
w here :  V =
R W P m o
W hile e q u a t io n  4 .8  can be  w r i t t e n ,  n e g l e c t i n g  8 , a s :
8.12
Vo
V x F x  , Sm
_  y _
p 8 .1 3
N o t ic e  y d e c r e a s e s  f o r  i n c r e a s i n g  c u r r e n t s  I .
Now 0 < y  < 1 and th e  e x p r e s s i o n  w i t h i n  t h e  b r a c k e t s  i n  e q u a t i o n  8 .1 2
h a s  a  maximum v a lu e  o f  0 .1 7  a t  y = 0 . 8 0  and r e d u c e s  to  z e ro  a t  t h e  twom
e x tre m e s  o f  y = 0 and y = 1 . Thus x  i s  e s s e n t i a l l y  l i m i t e d  t o  v a l u e s  l e s s
th a n  x and i s  such  t h a t :TO
0 < x  < x w here m x = 0 .4 9 2TO
VI
W R P o m
2 /5
8 .1 4
I f  y i s  r e d u c e d  be low  y th e n  x  d e c r e a s e s  w i th  y .
R e f e r r i n g  t o  e q u a t i o n  8 .1 3  and knowing th e  form  o f  F ,  w hich
m o n o to n ic a l ly  i n c r e a s e s  w i t h  i t ,  s e e  F ig u r e  C l ,  e t c . ,  i t  i s  now o b v io u s  t h a t
f o r  y be low  y ^  th e  v o l t a g e  m ust d e c r e a s e  w i th  d e c r e a s i n g  y o r  i n c r e a s i n g  I .
I t  i s  t h e r e f o r e  u n s t a b l e  and th e  c u r r e n t  can i n c r e a s e  t o  a r c i n g  v a l u e s .
2B ecause  o f  th e  w a l l  l o s s  te rm  ( y i / P )  t h i s  p o i n t  o f  s t a b i l i t y  w i l l ,
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how ever, come a t  a  h i g h e r  v a lu e  o f  y th a n  y = y . The e x a c t  p o i n t  may be
dV ^found  from  th e  c o n d i t i o n  o f  = 0 ,  w hich  i s  t r u e  a t  th e  p o i n t  o f  s t a b i l i t y ,
and by d i f f e r e n t i a t i o n  o f  e q u a t i o n s  8 .1 2  and 8 .1 3  w i t h  r e s p e c t  to  y .  We
f i n a l l y  o b t a i n  f o r  t h e  lo w e r  l i m i t  o f  s t a b i l i t y  t h e  p o i n t  y w here  y i s  th e
r o o t  o f  t h e  f o l l o w i n g  e q u a t i o n :
a ------   2 a r c o s  y
. A - y2
1 / 5  175 8 ,15y a r c o s  y
w here :
A = —
2
The te rm  i n  t h e  d e n o m in a to r  on th e  r i g h t  hand  s i d e  o f  e q u a t i o n  8 .1 6  
w hich  i s  w i t h i n  t h e  s q u a re  b r a c k e t s  i s  a lw ays p o s i t i v e  i n  th e  abnorm al glow 
and i s  z e ro  a t  t h e  p o i n t  o f  e x t i n c t i o n  when th e  v o l t a g e  l i n e  i s  t a n g e n t  to  
t h e  i o n i z a t i o n  c u rv e .  See Appendix  C. At e x t i n c t i o n  th e  s o l u t i o n  i s ,  
t h e r e f o r e ,  y = 1 ,  f o r  b o th  t h e  u p p e r  and low er  l i m i t s  o f  y and so th e  glow 
h a s  v i r t u a l l y  no s t a b i l i t y  t o  w i t h s t a n d  d e n s i t y  f l u c t u a t i o n s  h e r e .  The r a n g e  
o f  s t a b i l i t y  i n c r e a s e s  a s  t h e  v o l t a g e  i s  r a i s e d  above th e  e x t i n c t i o n  v a l u e .
I t  im proves  w i th  i n c r e a s i n g  I  and d e c r e a s in g  Wq , and P .
Cosens and Holmes have  s t u d i e d  th e  d e n s i t y  e f f e c t  i n  b o th  m erc u ry  
and xenon d i s c h a r g e s .  I t  i s  p o s s i b l e  from  t h e i r  v a lu e s  f o r  xenon t o  make 
an e s t i m a t e  o f  t h e  m ag n i tu d e  o f  th e  c h a r a c t e r i s t i c  c u r r e n t  I ■ f o r  t h e  
c o n d i t i o n s  chosen  i n  T a b le  IV and th e  g raph  o f  F ig u r e  5 5 .  These c a l c u l a t i o n s  
a r e  i l l u s t r a t e d  i n  T ab le  V and show t h a t  t h e  s t a b i l i t y  r e g i o n  f o r  t h e  w o rk in g  
p o i n t  a l lo w s  f o r  a  f l u c t u a t i o n  i n  p r e s s u r e  o f  up t o  38%. The e f f e c t  o f  gas  
h e a t i n g  i s  t o  a l lo w  th e  u p p e r  l i m i t  o f  y t o  e x te n d  beyond th e  p o i n t  y = 1 .
The a n a l y s i s  becomes more complex and w i l l  n o t  be  g iv e n  h e r e .  S u f f i c e  i t  i s  
t o  say  t h a t  s t a b i l i t y  can be  c o n s id e r a b l y  im proved  as  i s  o b s e rv e d  i n  t h e  neon  
p a n e l s .
8 .7  The Arc D is c h a rg e
The u l t i m a t e  outcom e o f  an i n s t a b i l i t y  o f  th e  glow form  o f  gas  
d i s c h a r g e  i s  f o r  i t  t o  be  t r a n s fo r m e d  i n t o  t h e  a r c  fo rm . Two ty p e s  o f  a r c
Vo
V
dF
dx p  r
2 /5
8 .1 6
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TABLE V
Gas D e n s i ty  I n s t a b i l i t y  E s t im a te  ( H e a t in g  N e g le c te d )
I  =
2 eDIT
N
o (
( — 
I d
r  =
v, ih s
R W P m o
A = 5 r
- 2 /5
2P
Vo
V
dF
dx
Q u a n t i t y Neon Xenon U n i t s
D
qe
P
9 -3  . 1020
L I  . I Q '19 
-92 -2  . 10
1 -0  . i o 20
2 - 4  . 10 "19
194 -7  . 10 
15
-1  -1m s e c
2m
2m
v / v o 2-2
2-2
b 0*30 0 -32 mm
d
No
I s
wh
0-53
243-6 . 10 
7-48  . 10"4 
1 2 -1 0 "3
0-24
238-2 . 10 
3-09  . 1 0 "4 
1-97  . 1 0 " 3
mm
-3m
Amps
W atts
vh 312 
38-5 . 10~6
332 
5-93  . 10 "6
V o l t s
Amps
r 1-053 1-019
y 0-975 0-990
r 3-76 10 -09
X 0-493 0-519
Xm
sni
y 2 /P
0-836
1-929 
0 -063
1-240
1-832
0-065
dF /dx 0*366 0 -3 4 8
A 0-0889 0-1061
y,£ 0-883
0-851
r 1-28 1 -38m
I m 1-79 . 10"4 9 -5  . 10 "5 Amps
N.B. S u b s c r i p t s  r £ f and 'm ' d e n o te  low er  and u p p e r  l i m i t s  r e s p e c t i v e l y
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may be d i s t i n g u i s h e d :  t h e  t h e r m io n i c  and th e  v a p o u r  a r c .  I n  th e  fo rm e r ,
e l e c t r o n s  a r e  e m i t t e d  from  th e  c a th o d e  by th e  p r o c e s s  o f  t h e r m io n ic  e m is s io n
and t h e  c a th o d e  m ust be  made o f  a  r e f r a c t o r y  m a t e r i a l  b e c a u s e  i t  becomes .
q u i t e  h o t ,  ^  2200°K, s e e  F i g u r e  4 .  F o r  t h i s  i t  r e q u i r e s  a  t y p i c a l '
-2i n p u t  o f  100 W a tts /c m  t o  t h e  c a th o d e  w hich  i t  r e c e i v e s  from  th e  h e a t i n g
e f f e c t  o f  t h e  gas  c u r r e n t .  The gas i n v o lv e d  i s  s im p ly  th e  o r i g i n a l  f i l l i n g  
gas a l o n e .  However, i n  t h e  v a p o u r  a r c ,  c a th o d e  h e a t i n g  i s  s u f f i c i e n t  f o r  t h e  
v a p o u r  o f  t h e  c a th o d e  m a t e r i a l  t o  in v a d e  th e  i n t e r - e l e c t r o d e  sp ace  and 
become a s i g n i f i c a n t  component o f  t h e  gas f i l l i n g .  T h is  c o n ta m in a t io n  by 
c a th o d e  v ap o u r  w hich  can i n c r e a s e  t h e  p r e s s u r e  c o n s id e r a b l y  i s  c l e a r l y  a 
much more complex s i t u a t i o n  t o  a n a ly s e  p h y s i c a l l y .  P r a c t i c a l l y  i t  i s  m a in ly  
o f  i n t e r e s t  when l i q u i d  c a th o d e s  a r e  u s e d ,  th e  s u r f a c e  o f  w hich  may be  
c o n t i n u a l l y  r e p l e n i s h e d .  S o l i d  c a th o d e s  te n d  to  e ro d e  away v e r y  r a p i d l y  w i th  
t h e i r  m a t e r i a l  b e in g  d e p o s i t e d  on th e  w a l l s  o f  t h e  d i s c h a r g e  cham ber. Here 
we s h a l l  be  c o n te n t  to  d i s c u s s  b r i e f l y  t h e  t h e r m io n ic  a r c  and t o  i n d i c a t e  
how t h e  glow can p a s s  i n t o  t h i s  s t a t e .
Von E n g e l  a rg u e s  t h a t  an a lm o s t  c o n s t a n t  d e n s i t y  o f  e n e rg y  
i n p u t  i s  r e q u i r e d  t o  t h e  c a th o d e .  L e t  us c a l l  t h i s  q u a n t i t y  w. T h is  means 
t h a t  t h e  c a th o d e  a c h ie v e s  a lm o s t  a  c o n s t a n t  t e m p e r a t u r e ,  j u s t  s u f f i c i e n t  
to  p r o v id e  t h e  n e c e s s a r y  e l e c t r o n  c u r r e n t  th ro u g h  th e  t h e r m io n ic  e m i s s io n .
The c a th o d e  t e m p e r a t u r e ,  T , i s  a lm o s t  c o n s t a n t  as  t h e  c u r r e n t  d e n s i t y  r i s e s  
b e c a u s e  t h e  e l e c t r o n  e m is s io n  depends e x p o n e n t i a l l y  on th e  c a th o d e  t e m p e r a t u r e  
a c c o r d in g  to  a B oltzm ann  f a c t o r ,
e0
e - kT
w here 0 i s  t h e  work f u n c t i o n  o f  th e  c a th o d e  m a t e r i a l  and k is .  B o l tz m a n n Ts 
c o n s t a n t .
W ith  t h i s  a s su m p t io n  th e  V -  W c h a r a c t e r i s t i c s  a r e  s im p ly  w r i t t e n
down a s :
2IV = W = wirb 8 .1 6
dV .The d i f f e r e n t i a l  r e s i s t a n c e  ^  l s  t h e r e f o r e  s im p ly  o b t a i n e d  by  
d i f f e r e n t i a t i o n :
2dV wirb O T -7_ =  -  8 .1 7
Thus th e  r e s i s t a n c e  i s  a lw ays  n e g a t i v e  and so th e  a r c  d i s c h a r g e  i s  a lw ays
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u n s t a b l e .  The c o n d i t i o n  on W g iv e n  by e q u a t i o n  8 .16  form s an a b s o l u t e  u p p e r  
l i m i t  to  th e  p o s s i b l e  power w hich  th e  glow can  d i s s i p a t e  beyond w hich  i t  i s  
u n s t a b l e .  I n  p r a c t i c e  t h i s  l i m i t  may be  c o n s i d e r a b l y  lo w e r  due to  c u r r e n t  
d e n s i t y  f l u c t u a t i o n s  w hich  would  te n d  to  h e a t  sm a l l  p a r t s  o f  t h e  c a th o d e  to  
a r c  t e m p e r a tu r e s  w i t h  a  c o r r e s p o n d in g l y  s m a l l e r  t o t a l  power d i s s i p a t i o n .
The t r a n s i t i o n  from  th e  glow i n t o  th e  a r c  may t h e r e f o r e  be 
r e g a r d e d  a s  f a r  a s  t h e  V -  W c h a r a c t e r i s t i c s  a r e  co n c e rn e d  as b e in g  r a t h e r  
l i k e  th e  d e n s i t y  f l u c t u a t i o n ,  th e y  m e re ly  form  an  u p p e r  b o u n d a ry  to  th e  
p o s s i b l e  e x te n d  i n  W o f  t h e s e  c h a r a c t e r i s t i c  c u r v e s .  The i n s t a b i l i t y  w hich  
i s  a p p r o p r i a t e  i n  any p a r t i c u l a r  s i t u a t i o n  i s  t h e  one w hich  o c c u r s  w i t h  th e  
s m a l l e s t  v a lu e  o f  W.
9 ._______  DISCUSSION AND CONCLUSIONS
D e t a i l s  o f  t h e  t h e o r y  d e s ig n  and m easurem ent o f  c h a r a c t e r i s t i c s  
f o r  a new form  o f  d . c .  memory d i s p l a y  p a n e l  have been  g iv e n  h e r e .  The p a n e l  
c o n s i s t s  o f  a f l a t  a r r a y  o f  gas  d i s c h a r g e  d i s p l a y  c e l l s  o p e r a t i n g  w i t h  a 
n e g a t i v e  glow i n  p u r e  neon  g a s .  T h is  sy s te m  w i l l  p r o v id e  enough l i g h t  on 
i t s  own f o r  t h e  m ost demanding d i s p l a y  and w i th  an e f f i c i e n c y  o f  a b o u t
0 .3  lumens/W. I t  may be p o s s i b l e  a l s o  to  u s e  xenon gas  f i l l i n g s  f o r  t h i s  
p u rp o se  b u t  i n  c o n ju n c t io n  w i t h  a  p h o sp h o r  t o  c o n v e r t  t h e  U.V. r a d i a t i o n  
i n t o  v i s i b l e  l i g h t .  M easurem ents  w i th  xenon c o n f i rm  t h a t  th e  power 
d i s s i p a t i o n  o f  such  p a n e l s  i s  g r e a t l y  r e d u c e d  when compared w i th  n e o n .  
A lthough  s p u t t e r i n g  o f  t h e  c a th o d e  w i t h  t h i s  gas  i s  a  s e r i o u s  p ro b le m  a t  
p r e s e n t .
(63)E x p e r im e n ts  have  d e m o n s t ra te d  t h a t  i t  i s  p o s s i b l e  to  make
w ork ing  p a n e l s  u s in g  t h e s e  p r i n c i p l e s  a l t h o u g h  a t  p r e s e n t  th e  h e a t  
d i s s i p a t i o n  i s  too  h ig h  f o r  th e  e n e rg y  to  be removed s p o n ta n e o u s ly  by 
n a t u r a l  c o n v e c t io n ,  c o n d u c t io n  and r a d i a t i o n  o r  w i t h o u t  h e a t i n g  th e  p a n e l  
up s u f f i c i e n t l y  to  a l t e r  t h e  . c h a r a c t e r i s t i c s . One aim o f  th e  work was to  
e x p lo r e  th e  v a r i o u s  p o s s i b i l i t i e s  o f  r e d u c in g  th e  power d i s s i p a t i o n  and so 
to  e l i m i n a t e  th e  fa n  c o o l in g  w hich  d e t r a c t s  from  th e  o th e r w i s e  e s s e n t i a l  
s l im n e s s  o f  th e  d i s p l a y .  A f a c t o r  two r e d u c t i o n  was s o u g h t .  S ta n d a r d  
p a n e l s  a r e  c o n s t r u c t e d  w i t h  ph o to fo rm ed  g l a s s  s p a c e r  p l a t e s  e s p e c i a l l y  
im p o r te d  from  th e  U .S .A . These  s p a c e r s  e x h i b i t  a low w a l l  l o s s  a t  t h e  
s t r i k e  v o l t a g e  b u t  a h i g h e r  l o s s  when r u n n in g .  T h is  i s  when th e y  a r e  
compared w i th  l o c a l l y  m a n u fa c tu re d  d r i l l e d  and a n o d iz e d  a lum in ium  s p a c e r  
p l a t e s  i n  w hich  t h i s  l o s s  i s  more c o n s t a n t ,  b e in g  h i g h e r  a t  s t r i k e  and 
low er  when r u n n in g .  T h is  makes f o r  a  s h a l l o w e r  c e l l  c o n s t r u c t i o n  and a 
f a c t o r  two o r  so r e d u c t i o n  i n  th e  o v e r a l l  d i s s i p a t i o n  r a t e .  U n f o r t u n a t e l y ,  
th e  optimum c o n d i t i o n s  s t i l l  r e q u i r e  a d e p th  w hich  i s  a f a c t o r  two d e e p e r  
th a n  h a s  b een  made s u c c e s s f u l l y  t o - d a t e .  The l i m i t a t i o n  b e in g  th e  d e p th  
o f  a n o d iz in g  w hich  can  be a c h ie v e d  w i t h  t h e  p r e s e n t  t e c h n i q u e s ,  a d e p th  o f  
a b o u t  40 ym. T h is  i s  s u f f i c i e n t  t o  r e d u c e  t h e  e x p a n s io n  c o e f f i c i e n t s  o f  
p l a t e s  up to  250 ym t h i c k  so a s  t o  m atch  w i th  t h e  o t h e r  com ponents  made o f  
g l a s s ,  nam ely  th e  anode  and c a th o d e  f a c e  p l a t e s .  C e l l s  500 ym deep  by  
300 ym d ia m e te r  a r e  c a l c u l a t e d  to  have  enough v o l t a g e  gap f o r  r e l i a b l e  
s w i tc h in g  c o n t r o l  b u t  y e t  have  th e  l e a s t  power d i s s i p a t i o n  and t h e  l o w e s t  
s p u t t e r  r a t e .  S p u t t e r i n g  away o f  t h e  c a th o d e  i s  t h e  p r o c e s s  w h ich  a t  
p r e s e n t  d e te r m in e s  t h e  u l t i m a t e  l i f e  o f  t h e s e  d i s p l a y s .  A t te m p ts  so f a r  
t o  c o n s t r u c t  a n o d iz e d  a lum in ium  p a n e l s  from  a s t a c k  o f  two i d e n t i c a l  p l a t e s
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r e g i s t e r e d  a c c u r a t e l y  on to p  o f  e a ch  o t h e r ,  have  n o t  b een  v e r y  s u c c e s s f u l  
b e c a u s e  t h e  p l a t e s  have  moved r e l a t i v e  t o  e a c h  o t h e r  when th e  p a n e l s  w ere  
b e in g  s e a l e d  u p ,  o r  have  b e e n  a f f e c t e d  d i f f e r e n t l y  when b e in g  s e p a r a t e l y  
a n o d iz e d .
In  s p i t e  o f  t h e s e  d i f f i c u l t i e s  su ch  a p a n e l  made from  two p l a t e s  
250 ym deep  and w i th  300 ym d ia m e te r  d r i l l e d  h o l e s  h a s  b een  made and t e s t e d .
(  f . ’J'S
M easurem ents  by  B. J .  S to c k e r  have  c o n f i rm e d  th e  p r e d i c t i o n  o f  t h i s  
t h e s i s  t h a t  s a t i s f a c t o r y  c h a r a c t e r i s t i c s  s h o u ld  be  o b t a i n e d  i f  t h e  a n o d iz e d  
alum in ium  s p a c e r  p l a t e  can  b e  made deep  enough . Some s p a r k in g  b e tw een  th e  
two p l a t e s  h a s  however b e e n  o b s e r v e d .  T h is  may w e l l  be  due t o  a  d i f f e r e n c e  
i n  t h e  r a t e s  o f  w a l l  c h a r g in g  s i n c e ,  i n  g e n e r a l ,  one p l a t e  w i l l  c o v e r  t h e  
c a th o d e  f a l l  r e g i o n  and one w i l l  n o t .  Under t h e  m ic ro sc o p e  t h e  a n o d iz e d  
l a y e r  can  be s e e n  t o  have  a p o ro u s  s t r u c t u r e  c o n s i s t i n g  o f  r e g u l a r  deep  
f i s s u r e s .  These  may w e l l  a l l o w  w a l l  c h a rg e s  to  l e a k  away to  t h e  u n d e r l y i n g  
m e ta l  be low . A p o s s i b l e  way to  r e d u c e  s p a r k in g  be tw een  th e  p l a t e s  i s  
t h e r e f o r e  to  a r r a n g e  f o r  a  sm a l l  p o r t i o n  o f  t h e  p l a t e s  to  be b a r e  a lum in ium .
T h is  would a l l o w  them to  be s t r a p p e d  t o g e t h e r  e l e c t r i c a l l y  o r  o t h e r w i s e  t i e d  
down t o  s u i t a b l e  p o t e n t i a l s  be tw een  t h a t  o f  t h e  c a th o d e  and a node . T h is  
sh o u ld  p r e v e n t  e x c e s s i v e  p o t e n t i a l s  from  b e in g  b u i l t  u p .
I n v e s t i g a t i o n  o f  a l l  t h e  o t h e r  p a r a m e te r s  w hich  may be  v a r i e d  to  
a c h ie v e  th e  d e s i r e d  ends h a s  demanded a d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  
t h e o r e t i c a l  b a s i s  f o r  t h i s  ty p e  o f  d i s p l a y .  B e s id e s  a  c a r e f u l  i n v e s t i g a t i o n  
i n t o  t h e  e f f e c t  o f  c e l l  geom etry  and s p a c e r  m a t e r i a l ,  g a s  ty p e  and d e n s i t y  
and th e  p r o p e r t i e s  o f  t h e  c a th o d e  m a t e r i a l s  have  a l l  b e e n  s t u d i e s  b o th  
e x p e r i m e n t a l l y  and by t h e o r e t i c a l  a n a l y s i s  o f  t h e  r e s u l t s .  Much o f  t h e  
t h e o r y  t h a t  was needed  h a s  b e e n  known f o r  up t o  f i f t y  y e a r s .  H ow ever, a 
number o f  e s s e n t i a l  gaps  i n  o u r  knowledge r e q u i r e d  to  be  f i l l e d .  T hese  
were t h e  e f f e c t s  o f  t h e  s t r o n g l y  n o n -u n i fo rm  f i e l d s  on th e  Townsend 
c o e f f i c i e n t s  o f  th e  gas  and th e  e f f e c t s  o f  t h e  glow d i s c h a r g e s  b e in g  co n ­
f in e d  w i t h i n  th e  bou n d a ry  o f  n a rro w  d i s p l a y  c e l l s .
A p ra g m a t ic  e n g in e e r i n g  ty p e  o f  a p p ro a c h  h a s  b een  a d o p te d  f o r  
t h e s e  p ro b le m s ,  and fo rm u la e  deduced  w hich  a r e  good enough t o  e n a b le  t h e  
d e s ig n e r  to  c o m p le te  th e  t a s k .  W herever p o s s i b l e ,  s im p le  a p p ro x im a te  
e x p r e s s io n s  have  b een  fou n d .  F o r - t h e  n o n -u n i fo rm  f i e l d  c a l c u l a t i o n  a r u n n in g  
mean o f  th e  f i e l d  h a s  been  u s e d .  T h is  im m e d ia te ly  p r e d i c t s  th e  o b s e rv e d  drop  
in  e x t i n c t i o n  v o l t a g e  w e l l  be low  even th e  minimum s t r i k e  v o l t a g e ,  an e s s e n t i a l  
f e a t u r e  f o r  d . c .  memory c h a r a c t e r i s t i c s .  Some j u s t i f i c a t i o n  f o r  t h i s  p r o p o s a l  
by th e  a u th o r  i s  now em erg ing  as th e  r e s u l t  o f  l e n g t h y  Monte C a r lo  c a l c u l a t i o n s .
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A s im p le  fo rm u la  f o r  th e  l o s s  o f  i o n i z a t i o n  to  th e  w a l l s  a l s o  
p r e d i c t s  th e  o b s e rv e d  dependence  o f  th e  ’on* o r  r u n n in g  c h a r a c t e r i s t i c s  on 
th e  Nb p r o d u c t .
To c o m p le te  th e  p i c t u r e  a  new g r a p h i c a l  a p p ro a c h  to  an u n d e r s t a n d in g  
o f  th e  c a l c u l a t i o n s  h a s  a l s o  been  d e v e lo p e d .  T h is  e n a b le s  th e  d e s i g n e r  to  
se e  th ro u g h  th e  " f o r e s t "  o f  e q u a t i o n s  and g iv e s  h im  a v i s u a l  i n s i g h t  i n t o  
how th e  v a r i o u s  p a r a m e te r s  i n t e r a c t  w i t h  e a ch  o t h e r  so as  to  p ro d u ce  th e  
c h a r a c t e r i s t i c s ,  he d e s i r e d .
The pa ram ount im p o r ta n c e  o f  th e  c a th o d e  m a t e r i a l  e m erges .  Not 
o n ly  m ust i t  have  a s u f f i c i e n t l y  h ig h  'K 1 v a lu e  b u t  i t  m ust a l s o  be  r e s i s t a n t  
to  s p u t t e r  e t c h i n g  o f  t h e  i o n s  i f  i t  i s  to  endow th e  p a n e l  w i t h  a  s u f f i c i e n t l y  
lo n g  l i f e .  The ’K' v a lu e  s e t s  t h e  s c a l e  f o r  t h e  v o l t a g e s  w hich  r i s e  
p r o p o r t i o n a l l y  t o  i t .  I t  a l s o  c o n t r o l s  th e  s c a l e  o f  t h e  power d i s s i p a t i o n  
w hich  d e c r e a s e s  m o n o to n ic a l ly  w i t h  i n c r e a s i n g  K. Not much more r e d u c t i o n  
i n  d i s s i p a t i o n  i s  a c h ie v e d  beyond K ^  6 ,  a l t h o u g h  th e  v o l t a g e  c o n t i n u e s  to  
r i s e .  K i s  r e l a t e d  to  th e  y c o e f f i c i e n t ,  K = l n ( l  + 1 / y ) , w here  y may have 
components due to  p h o to n  and m e t a s t a b l e  io n  fe e d b a c k  a l s o .
F o r  s t a b l e  c a th o d e  o p e r a t i o n  i t  h a s  b een  shown h e r e  t h a t  t h e  io n
-3fe e d b a c k  component m ust n o t  o n ly  be s m a l l ,  ^  2*10 , t o  g iv e  K a l a r g e  v a lu e
b u t  m ust a l s o  be t h e  dom inan t com ponent. The p h o to n  te rm  f o r  i n s t a n c e  m ust 
be l e s s  th a n  th e  s q u a re  o f  th e  i o n  com ponent, i . e .  < 4*10 T h is  p l a c e s  a 
s e v e r e  c o n s t r a i n t  on th e  k in d  o f  c a th o d e  m a t e r i a l  th a n  can  be c h o sen .  I n  
g e n e r a l ,  c o n d u c t in g  and r e f r a c t o r y  m a t e r i a l s  s h o u ld  be so u g h t  w i t h  low 
s e c o n d a ry  e m is s io n  by io n s  and even  lo w e r  by p h o to n s ;  m a t e r i a l s  w hich  do n o t  
s p u t t e r  o r  decompose u n d e r  a heavy  d e n s i t y  o f  io n  bom bardm ent. P r e f e r a b l y ,  
t h e s e  m a t e r i a l s  s h o u ld  be c o m m e rc ia l ly  a v a i l a b l e  and e a sy  to  a p p ly  t o  t h e  
c a th o d e  l i n e s .  Carbon i s  an o b v io u s  c a n d id a t e  and so f a r  a t  l e a s t  t h e  one 
w hich c o v e r s  t h e s e  a s p e c t s  b e s t .  I t  i s  an e le m e n t  and so c a n n o t  decompose 
and i t  i s  a l s o  a v a i l a b l e  i n  p r o p r i e t r y  form s su ch  as  " a q u a d a g " . I t  h a s ’ a l s o  
been p r e p a r e d  in  th e s e  l a b o r a t o r i e s . i n  a s c r e e n  p r i n t i n g  form  w hich  h a s  been  
shown to  p o s s e s s  c e r t a i n  s e l f - c u r i n g  p r o p e r t i e s  a f t e r  b e in g  s u b j e c t e d  to  an 
u n s t a b l e  p e r t u r b a t i o n .  I t  i s  p o s s i b l e  t h a t  o t h e r  form s can be d e v e lo p e d  more 
s u i t a b l e  f o r  a p p l i c a t i o n  h e r e .  The b ru s h e d  fo rm  o p e r a t i n g  i n  xenon a p p e a r s  
t o  have  th e  h i g h e s t  K v a l u e ,  s e e  T a b le  IV.
The p r e s e n t  l i m i t a t i o n  i s  one o f  com m ercial v i a b i l i t y ,  e s p e c i a l l y  
th e  n e c e s s i t y  o f  th e  f a n  c o o l i n g  when u s in g  th e  s t a n d a r d  p h o to fo rm  g l a s s  
c o n s t r u c t i o n .  Some h e a t i n g  h a s  been  shown t o  be b e n e f i c i a l  b e c a u s e  i t  
p r e v e n t s  th e  v a lu e  o f  r  i n c r e a s i n g  u n d e r  th e  a c t i o n  o f  gas  d e n s i t y
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f l u c t u a t i o n s .  These  f l u c t u a t i o n s  i n  d e n s i t y  a r e  d r iv e n  by th e  io n  c u r r e n t  
and can c a u se  c a t a s t r o p h i c  i n s t a b i l i t y  when th e  c u r r e n t  d e n s i t y  i s  too  h i g h .
The h e a t i n g  a l s o  p a r a d o x i c a l l y  r e d u c e s  t h e  o v e r a l l  power d i s s i p a t i o n  b e c a u s e  
i t  i n c r e a s e s  th e  s e l f - r e s i s t a n c e  and a l lo w s  th e  p a n e l  to  be f i l l e d  to  a 
h i g h e r  gas  d e n s i t y  th a n  o t h e r w i s e .  I t  does  how ever a l s o  re d u c e  th e  s w i tc h in g  
c o n t r o l  b e c a u s e  i t  i n t r o d u c e s  a d d i t i o n a l  s p re a d s  i n  c e l l  to  c e l l  c h a r a c t e r i s t i c s  
be tw een  c e l l s  w hich  have  b een  r e c e n t l y  changed and th o s e  w hich  have  b e e n  l e f t  
on o r  o f f  f o r  some t im e .  O f te n  t h i s  f a c t o r  o v e r - r i d e s  t h e  im provem ent i n  
d i s s i p a t i o n  b e c a u s e  now gas d e n s i t y  m ust be  i n c r e a s e d  beyond th e  optimum i n  
o r d e r  t o  p r o v id e  a s u f f i c i e n t  v o l t a g e  gap f o r  s w i tc h in g  th e  p a n e l  r e l i a b l y .
T h e re  i s  e v e ry  i n d i c a t i o n  t h a t  th e  p r e s e n t  h ig h  r a t e  o f  h e a t  
d i s s i p a t i o n  can be  re d u c e d  by r e p l a c i n g  th e  e x i s t i n g  s p a c e r  p l a t e  made from  
p h o to fo rm  g l a s s  by two o r  more a n o d iz e d  a lum in ium  p l a t e s  w hich  t o g e t h e r  w i l l  
p r o v id e  t h e  n e c e s s a r y  d e p th  (*v 500 ym ). How ever, none o f  t h e s e  s p a c e r  p l a t e s  
a r e  cheap  enough y e t  to  make a c o m m e rc ia l ly  a t t r a c t i v e  p a n e l ,  b e c a u s e  th e  
h o l e s  w hich  form  th e  i n d i v i d u a l  c e l l s  m ust be made v e ry  a c c u r a t e l y  to  t h e  
same d im e n s io n s .
Any f u r t h e r  deve lopm en t work m ig h t  w e l l  be  d i r e c t e d  to w a rd s  th e  
s e a r c h  f o r  a c h e a p e r  and more a c c u r a t e  m ethod o f  d e f i n i n g  t h e s e  h o l e s .  I n  
g e n e r a l  th e  t h i n n e r  t h e  p l a t e s  t h e  more a c c u r a t e l y  can th e  h o l e s  be  d e f i n e d  
i f  th e  cheap ch em ica l  e t c h i n g  t e c h n iq u e s  a r e  u s e d .  On th e  o t h e r  hand  th e  
t h i n n e r  th e  p l a t e s  th e  g r e a t e r  i s  th e  number o f  them w hich  m ust be  a c c u r a t e l y  
s t a c k e d  and r e g i s t e r e d  on to p  o f  each  o t h e r  i n  o r d e r  t o  p r o v id e  t h e  n e c e s s a r y  
d e p th .  T h is  r e g i s t r a t i o n  m ust be m a in ta in e d  d u r in g  th e  s e a l i n g - u p  p r o c e s s  
u s in g  enamel w i t h  th e  o t h e r  p a n e l  com ponents . T here  may a l s o  be some 
n e c e s s i t y  f o r  p r o v id i n g  f o r  some e l e c t r i c a l  c o n n e c t io n  to  e a c h  p l a t e  to  
e n s u re  t h a t  p o t e n t i a l s  h ig h  enough to  cause  s p a r k - o v e r s  do n o t  b u i l d  u p .
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Appendix A
The J u s t i f i c a t i o n  f o r  t h e  f u n c t i o n a l  dependence  o u (0  /  Nx) f o r  t h e
I o n i z a t i o n  c o e f f i c i e n t  i n  a  Non-Uniform  f i e l d .
The c o n v e n t i o n a l  method o f  c a l c u l a t i n g  th e  i o n i z a t i o n  and o t h e r  
c o e f f i c i e n t s  to  d a t e  h a s  been  t o  c a l c u l a t e  them from  t h e  u n i fo rm  f i e l d
t h a t  o b t a i n i n g  a t  t h e  p o i n t  w here t h e  v a lu e  o f  t h e  c o e f f i c i e n t  i s  r e q u i r e d .  
T h is  i s . i l l u s t r a t e d  i n  F ig u r e  A1 w here  a t y p i c a l  d i s t r i b u t i o n  0 (x) f o r  
t h e  c a th o d e  f a l l  p o t e n t i a l  be tw een  t h e  c a th o d e  and anode e l e c t r o d e  h as  been
o f  t h e  t a n g e n t  ABC a t  B, a t  a d i s t a n c e  x from  t h e  o r i g i n .  The a s su m p t io n  
a d o p te d  i n  t h i s  t h e s i s  i s  t h a t  (0 /  Nx) s h o u ld  b e  u se d  when t h e  f i e l d  i s  
non u n i fo rm .  T h is  i s  p r o p o r t i o n a l  to  t h e  s lo p e  o f  OB, t h e  l i n e  from  th e  
o r i g i n  t o  th e  p o i n t  B. I t  i s  c l e a r l y  g r e a t e r  t h a n  t h e  s lo p e  o f  ABC f o r  a 
convex  f u n c t i o n  0 (x )  due to  p o s i t i v e  io n  sp a ce  c h a rg e .  Even when B l i e s  
i n  t h e  N e g a t iv e  Glow x > f ,  t h e  l a t t e r  f i e l d  rem a in s  f i n i t e ,  t h e  s lo p e  o f  
OB:; a l t h o u g h  t h e  fo rm e r ,  t h e  s lo p e  o f  FB^D, i s  now z e r o .  The j u s t i f i c a t i o n  
i s  b a s e d  on th e  f a c t  t h a t  a  depends  on th e  e l e c t r o n  e n e rg y  and n o t  on th e  
f i e l d .  An e n e rg y  d i s t r i b u t i o n  w hich  i s  i n  e q u i l i b r i u m  w i th  th e  im p re s s e d  
f i e l d  i s  assumed to  be  r e a c h e d  when th e  f i e l d  i s  u n i fo rm .  H e re ,  f o r  n o n -  
u n i fo rm  f i e l d s ,  we assume t h a t  e ,  t h e  e f f e c t i v e  mean e n e r g y , ; changes  o n ly  
s lo w ly  such  t h a t
X i s  th e  d i s t a n c e  r e q u i r e d  t o  r e a c h  e q u i l i b r i u m  i n  t h e  u n i fo rm  c a s e ,  and 
J  i s  t h e  e l e c t r o n  c u r r e n t  d e n s i t y .
An e n e rg y  b a la n c e  e q u a t i o n  can th e n  be  w r i t t e n  down f o r  J  a s
f o l l o w s : -
m easurem ents  made u s in g  th e  same v a lu e  o f  t h e  r e d u c e d  f i e l d ,  _1 _d0 , as
N dx
p l o t t e d .  I t  i s  r e q u i r e d  to  f i n d  t h e  i n s t a n t a n e o u s  v a lu e  o f  a  a t  t h e  p o i n t
• C w •x .  The c o n v e n t io n a l  re d u c e d  f i e l d  _1 d0 i s  p r o p o r t i o n a l  t o  t h e  s lo p e
N dx
A. 1
-  d ( e J  ) e d0 -  ( a  £ + a . e . ) dx
X X  1 1
A. 2
J
-  A2 -
Where a  and a .  a r e  t h e  c o e f f i c i e n t s  f o r  e x c i t a t i o n  and i o n i z a t i o n  x 1
r e s p e c t i v e l y ,  £^  and £^ a r e  t h e  c o r r e s p o n d in g  e n e r g i e s  l o s t  i n  t h e s e  
c o l l i s i o n s  and 0 (x) i s  th e  f i e l d  d i s t r i b u t i o n .
The c o n t i n u i t y  e q u a t i o n  i s
d J  = J  a .  d x  A .3
i
N e g l e c t in g  de i n  c o m p ar iso n  w i t h  £ dJ  we o b t a i n  on s u b s t i t u t i o n
j “
o f  A .3 i n t o  A .2 and i n t e g r a t i n g  from  some a p p r o p r i a t e  o r i g i n  x = 0 ,  0) = 0
e0 ° x e x , a /
Nx “  —  + S '  ( 6 + £1 > A-4
Note t h i s  o r i g i n  may be  dow nstream  o f ' th e  c a th o d e .  S in c e  th e  q u a n t i t i e s  on
th e  r i g h t  hand s i d e  o f  A .4 a r e  a l l  f u n c t i o n s  o f  e t h i s  e q u a t i o n  i s  c l e a r l y
ct - ots a t i s f i e d  i f  e i s  i t s e l f  a f u n c t i o n  o f ' ( 0 / N x ) . Thus b e c a u s e  _ x  and i
a r e  f u n c t i o n s  of  £ o n ly  w hich  i t s e l f  i s  a f u n c t i o n  o f  (0/Nx) ^  ^
th u s  _ x  and i  m ust a l s o  be f u n c t i o n s  o f  ( 0 /N x ) .
N TT
T h is  a s su m p t io n  i s  t h e r e f o r e  v a l i d  p r o v id e d  th e  m a j o r i t y  o f  th e  
e n e rg y  s u p p l i e d  by th e  e l e c t r i c  f i e l d  i s  u se d  i n  e x c i t a t i o n s  o r  i o n i z a t i o n s  
o f  th e  gas  r a t h e r  t h a n  i n  h e a t i n g  th e  e l e c t r o n s .  The fo rm u la e  a r e  i d e n t i f i e d  
f o r  t h e  u n i f o r m  f i e l d  s in c e  i n  t h a t  c a s e  d0 _ 0 .
dx x ^ 0
I n  t h e  c a s e  (1) o f  t h e  c o n v e n t io n a l  fo rm u la  a i t  i sNdx
e a s y  to  show t h a t  t h e  s e l f  s u s t a i n i n g  c o n d i t i o n  i s  s a t i s f i e d  w i t h  a
minimum o v e r a l l  v o l t a g e  when d0 i s  c o n s t a n t  t h a t  i s  t h e  f i e l d  i s  u n i fo rm
dx
b e tw een  th e  c a th o d e  and  an o d e .  Any f i e l d  d i s t o r t i o n  w i l l  demand an 
i n c r e a s e d  s e l f  s u s t a i n i n g  v o l t a g e .  However w i t h  c a s e  ( 2 ) ,o u  
th e  v o l t a g e  r i s e s  s h a r p l y  n e a r  t h e  c a th o d e  so t h a t  0 = V m ost o f  t h e  way 
from  x = 0 to  x = d ,  t h e n  t h e  o v e r a l l  v o l t a g e  w i l l  be  a t  i t s  l o w e s t .
I f  we assume th e  Ward f o r m u la t io n  f o r  ou s e e  e q u a t i o n  4 .1  and 
th e  Lucas d i s t r i b u t i o n  f o r  0 ( x ) * t h e n  i t  i s  r e l a t i v e l y  s t r a i g h t  fo rw a rd  
to  show t h a t  t h e  s e l f  s u s t a i n i n g  v c ' . t a g e  ( w a l l  l o s s  n e g l e c t e d )  w i l l  v a r y  
r e s p e c t i v e l y  a s  and where
h
exp - d t  A. 5
n s  ( l  -  t ) s 1
- A 3  -
and
f  1 /
exp - / - ’ 1 -  t  j d t
A. 6
* / n [ i  -  t s j
T hese a r e  to  be  compared w i t h  t h e  v a r i a t i o n s  o f  V w hich  i s  
_ l  s
p r o p o r t i o n a l  to  r| exp (q 2) on th e  same s c a l e .
T hese f u n c t i o n s  o f  ri a r e  p l o t t e d  f o r  c o m p a r iso n  i n  F ig u r e  A .2
f o r  the. S te e n b e c k  -  Von E nge l  d i s t r i b u t i o n  when s = 2 .
Note  t h a t  V.. = V_ = V when s = 1.
1 A S
I t  i s  c l e a r  from  f i g u r e  A .2 t h a t  w i t h  c a s e  (2), a  (0 /N x ) ,  t h e
d i s c h a r g e  i s  more e f f i c i e n t  a s  s i n c r e a s e s  w i th  < Vg b u t  th e  c o n v e rs e
i s  t r u e  f o r  c a s e  (1) s in c e  V, > V .I s
F u r t h e r  j u s t i f i c a t i o n  f o r  t h e  f u n c t i o n a l  form  a  (0/Nx) i s  t o  be
found by a co m p ar iso n  w i t h  M o n te -C ar lo  c a l c u l a t i o n s  o f  T ran  Ngod, Marode 
( 3 4 )
and Jo h n so n  f o r  t h e  r a t e  o f  i o n i z a t i o n  i n  a  h e l iu m  d i s c h a r g e  w i t h
s = 2 .
These c a l c u l a t i o n s  a g re e  w e l l  w i t h  t h e  f u n c t i o n a l  fo rm  o f  c a s e
( 2) p r o v id e d  a d i s t a n c e  d i s  a l lo w e d  f o r  t h e  e l e c t r o n s  t o  g a in  s u f f i c i e n to
e n e rg y  f o r  i o n i z a t i o n .  A co m p ar iso n  o f  th e  two s e t s  o f  c a l c u l a t i o n s  i s  
shown i n  F ig u r e  A .3 . The b e s t  f i t  t o  t h e  M o n te -C ar lo  r e s u l t s  i s  o b t a i n e d  
w i th  p^d = 0 .4 5  cm t o r r  w hich  i s  o n ly  35% o f  t h e  v a lu e  o f  1 t o r r  p r e s s u r e  
by 1 .3  cm e l e c t r o d e  s p a c in g  w hich  P C Jo h n so n  h a s  t o l d  t h e  a u th o r  t h e y  
u s e d .  The e x p l a n a t i o n  f o r  t h i s  i s  p r o b a b ly  due t o  t h e  l a t e r a l  s c a t t e r i n g  
o f  th e  e l e c t r o n s  w hich c o u ld  n o t  be  in c lu d e d  b e c a u s e  t h e  c a l c u l a t i o n s  w ere  
one d im e n s io n a l .  The a c t u a l  d i s t a n c e s  t r a v e l l e d  by e l e c t r o n s  i n  a  t h r e e  
d im e n s io n a l  model w i l l  be  t h a t  much l a r g e r  and so t h e  i o n i z a t i o n  w i l l  be 
g r e a t e r  t h e n  h a s  been  c a l c u l a t e d .  These c o n s i d e r a t i o n s  have been  
c o n f i rm e d  i n  a  more r e c e n t  p a p e r  by th e  same a u t h o r s .
I n  t h i s  p a p e r  a  f o r m u la t io n  i s  g iv e n  w h ich  i n c l u d e s  t h e  d i s t a n c e  
d^ b e f o r e  i o n i z a t i o n  can  o c c u r .  I n  f i g u r e  A .3 t h e  e q u i v a l e n t  v o l t a g e  Vq
h as  been  a l lo w e d .  The b e s t  f i t  i s  o b t a i n e d  w i th  V = 1 .6  V . ,  w here  V.o 1 1
i s  t h e  i o n i z a t i o n  p o t e n t i a l  o f  th e  g a s .  t
-  B1 -
A ppendix  B
The R a d ia l  S p read  o f  C u r r e n t  and th e  Loss o f  I o n i z a t i o n  to  th e  W alls
At th e  p r e s e n t  t im e  t h e r e  i s  v e r y  l i t t l e  work i n  th e  l i t e r a t u r e
th e o r y  how such  an  edge  a r i s e s  and w ha t  h a ppens  t h e r e .  He assum es a r a d i a l  
m ix in g  o f  th e  d i s c h a r g e  c u r r e n t  by  d i f f u s i o n  o f  th e  v a r i o u s  c u r r e n t  c a r r i e r s .  
T h is  m ix ing  depends on th e  e x i s t i n g  r a d i a l  d i s t r i b u t i o n  o f  t h e  c u r r e n t  d e n s i t y .  
He f i n d s ,  a s  a  r e s u l t ,  t h a t  t h e  e f f e c t i v e  c a th o d e  c o e f f i c i e n t ,  y , h a s  a  r a d i a l  
dependence  o f  th e  f o r m : -
S in c e  th e  a p p l i e d  v o l t a g e  c a n n o t  v a ry  w i t h  th e  r a d i u s  th e  o t h e r  q u a n t i t i e s ,  
n o r  s i n  o u r  m odel,  m ust do so i n  o r d e r  to  m a i n t a i n  th e  s e l f  s u s t a i n i n g  
c o n d i t i o n .  T h is  i n  i t s  t u r n  w i l l  c a u se  th e  c u r r e n t  d e n s i t y  t o  v a ry  r a d i a l l y  
b u t  i t  h a s  t o  be  i n  a  way c o n s i s t e n t  w i t h  e q u a t i o n  B . l .  At th e  edge  n h a s  
r i s e n  to  th e  s t r i k e  v a lu e  and s = 1 and beyond t h i s  th e  d i s c h a r g e  i s  no 
lo n g e r  . s e l f  s u s t a i n i n g  and so m ust  e n d .  Of a l l  t h e  form s J ( r )  o f  th e  
c u r r e n t  d i s t r i b u t i o n  w hich  a r e  p o s s i b l e  th e  one w hich  h a s  t h e  h i g h e s t  
c u r r e n t  f o r  th e  g iv e n  v o l t a g e ,  S te e n b e c h ’s p r i n c i p l e ,  i s  th e  one w h ich  i s  
o b t a i n e d .  I n  M u l l e r ’ s model th e  w id th  o f  th e  edge zone t u r n s  o u t  to  be  
^  lOg so th e  minimum r a d i u s  o f  th e  glow i s  o f  s i m i l a r  s i z e  w here
D i s  th e  d i f f u s i o n  c o n s t a n t  and t th e  d i f f u s i o n  t im e .  T ak ing  th e  i o n s  as  
th e  c o n s t i t u e n t s  m ost l i k e l y  to  h a v e  th e  l a r g e s t  g and w i t h  t a s  th e  i o n  
t r a n s i t  t im e  we can  e s t i m a t e : -
co n c e rn e d  w i t h  t h e  c o n s t r i c t e d  glow d i s c h a r g e .  I n  th e  norm al glow th e  
d i s c h a r g e  h a s  a  n a t u r a l  b o u n d a ry  e d g e .  M u l l e r h a s  d e s c r i b e d  i n  h i s
B . l
w here g i s  a  m ix in g  l e n g t h
B . 2
B .3
Here u s e  h a s  b e e n  made o f  th e  E i n s t e i n  r e l a t i o n s h i p ,  k i s  B o l t s m a n n 's  
c o n s t a n t  and T i s  th e  t e m p e ra tu re  o f  th e  e l e c t r o n s  and m ust be  u se d  i f ,  as 
i s  l i k e l y , a m b i p o l a r  d i f f u s i o n  p r e v a i l s .
-  B2 -
-  . . (11)T i s  g e n e r a l l y  ^  2 e l e c t r o n  v o l t s  m  th e  glow d i s c h a r g e s ,  Von E n g e l
E q u a t io n  B .3  would  i n d i c a t e  t h a t  th e  minimum d ia m e te r  o f  t h e  glow s h o u ld  be
a b o u t  t w i c e ' t h e  c a th o d e  f a l l  d i s t a n c e .
D i s p la y  c e l l s  v a r i e d  c o n s i d e r a b l y  i n  t h e i r  a s p e c t  r a t i o  w i t h  a 
( d /b )  from  1 :1  to  4 : 1 .  However, t h e  b e s t  memory c e l l s  had  a s p e c t  r a t i o s  
a round  3 :1  and were o p e r a t e d  a t  p r e s s u r e s  w here  th e  glow was u n r e s t r i c t e d  
f  < d , a l t h o u g h  th e y  w ere  p r o b a b ly  c o n s t r i c t e d  20g > b o v e r  th e  w h o le  o f  
t h e i r  c h a r a c t e r i s t i c s  e x c e p t  p e rh a p s  n e a r  t h e  p o i n t  o f  e x t i n c t i o n  I £ ) .
I n  th e  memory c e l l s  t h e r e  i s  r e a l l y  no a d v a n ta g e  i n  th e  d i s c h a r g e  
n o t  b e in g  c o n s t r i c t e d .  Any r e g i o n  o f  c h a r a c t e r i s t i c  w here  th e  v o l t a g e  i s  
c o n s t a n t  i s  w a s t e f u l  a s  i t  m e re ly  means more c u r r e n t  th a n  i s  s t r i c t l y  
n e c e s s a r y  i s  u sed  up when i n  t h e  s w i tc h e d  on s t a t e .
I n  th e  c o n s t r i c t e d  s t a t e  t h e r e  i s  a l o s s  o f  i o n i z a t i o n  to  th e  
w a l l s  w hich  i s  f e l t  by  th e  w hole  d i s c h a r g e  b e c a u s e  i t s  d i a m e te r  i s  s m a l l e r  
th a n  i t  m ig h t  o th e r w i s e  have  b e e n .
I n  a tw o -d im e n s io n a l  sy s te m  w i t h  c y l i n d r i c a l  symmetry we may 
w r i t e  down th e  c o n t i n u i t y  e q u a t i o n  a s : -
3J
D iv J  = dz + — ( r  J  ) = a J  r  3 r  z z B .4
th e  c u r r e n t  I  i s  g iv e n  by
I  =
b / 2
2 tt r  J  d r  z B .5
Thus i n t e g r a t i n g  B .4  we o b t a i n
~  = a  I  -  ib  J  (b /2 )  dz r
However, i f  t h e  two c u r r e n t  d e n s i t i e s  J r  and J z a r e  r e l a t e d  th ro u g h  th e  
s c a t t e r i n g  o f  th e  e l e c t r o n s  by  th e  gas m o le c u le s  t h e n  we may su p p o se  them 
to  be p r o p o r t i o n a l  t o  e a c h  o t h e r .
J  = k J  r  z B.7
Thus s u b s t i t u t i n g  B .7  i n  B . 6 we o b t a i n
= a l  -  irb k J  ( b /2 )  dz z B .8
-  B3 -
. When th e  c u r r e n t  d e n s i t y  i s  u n i fo rm  o v e r  th e  w hole  b o re
we h a v e : -
J z (b /2 )  =
7rb'
Hence s u b s t i t u t i n g  i n t o  B .8 we o b t a i n  f i n a l l y
B . 9
d ( I n  I )  k— l - ----- L- = a -  -  = a
dz b B.10
When t h i s  fo rm  f o r  th e  i o n i z a t i o n  l o s s  to  th e  w a l l s  i s  u sed  th e  ru n n in g
c h a r a c t e r i s t i c s  t u r n  o u t  to  be  f u n c t i o n s  o f  Nb. T h is  i s  a  form  w hich  h a s
(49)a l s o  b een  r e p o r t e d  by M a tsu z a k i  e t  a l
However, t h i s  i s  o n ly  th e  s i m p l e s t  form  f o r  th e  w a l l  l o s s  w hich
depends on Nb. M u l l e r ’ s a n a l y s i s  s u g g e s t s  t h a t  an  a d d i t i o n a l  te rm  would
be  e x p e c te d  when J  ( r )  i s  n o t  c o n s t a n t  o r  when i t  i s  z e ro  a t  th e  w a l l s ,z
i . e .  J  ' ( b /2 )  = 0 ,  and t h i s  i s  o f  t h e  form
—  —  ( J  " )  N 8r  z ; B . l l
The w a l l  l o s s  te rm  now becomes on s u b s t i t u t i n g  i n t o  B .4
r  i | _  
N r  8r r  3 r  J z B. 12
T h is  re d u c e d  to N
4 .8 1 J  . when J  ( r )  v a r i e s  as  th e  z e r o t h  o r d e r  z z
B e s s e l  f u n c t i o n  w i t h  J  (b /2 )  = 0 a t  t h e  w a l l s .z
On i n t e g r a t i o n  t h i s  form  w i l l  t h e r e f o r e  r e s u l t  i n  an  e f f e c t i v e  
i o n i z a t i o n  c o e f f i c i e n t  o f : -
a = a
(Nb)
B . 13
. 1  . .The l o s s  t o  th e  w a l l s  w i l l  v a ry  as   y . Compare th e  a n a l y s i s  m
(Nb)
s e c t i o n  4 . 2 .
I n  p r a c t i c e  th e  l o s s  to  th e  w a l l s  w i l l  c o n s i s t  o f  a  c o n t r i b u t i o n
from b o th  term s a l t h o u g h  when th e  glow i s  b o n s t r i c t e d ,  i . e .  J  ( b /2 )  ^ 0 ,
k 1 I Zth e  te rm  s h o u ld  p re d o m in a te .
-  B4 -
T h is  i s  th e  form  we have  u sed  i n  th e  t e x t ,  e q u a t i o n  4 . 2 ,  and a p p e a r s  to  
g iv e  th e  b e s t  f i t ,  i n  t h e  com pute r  p rog ram  se e  C h a p te r  7 . I t  i s  th e  form  
w hich  i s  a p p r o p r i a t e  a t  t h e  t im e  o f  s t r i k e  b e f o r e  any p o s s i b l e  s p a c e - c h a r g e  
in d u c e d  c o n t r a c t i o n  i n  t h e  d i s c h a r g e  r a d i u s  c a n  o c c u r  and so t h e  c u r r e n t  
d e n s i t y  i s  f a i r l y  u n i f o r m ly  d i s t r i b u t e d  o v e r  th e  w hole  b o r e  r i g h t  up to  th e  
w a l l s .
I t  was shown i n  th e  t e s t  t h a t  a  u n i v e r s a l  p l o t  c o u ld  be  draw n f o r
V a g a i n s t  th e  r e d u c e d  f i e l d  p em b rac in g  a l l  t h e  d i f f e r e n t  g e o m e t r i c a ls s
r a t i o s  ( d / b ) ,  see  F i g u r e  10 . To d e r i v e  t h i s  c u rv e  we m ust f i r s t  d i s c o v e r
th e  s i g n i f i c a n c e  o f  th e  3 te rm .  T h is  can  be  done by f i n d i n g  th e  minimum
s t r i k e  v o l t a g e s  f o r  any g iv e n  geom etry  a s  th e  gas  d e n s i t y  i s  v a r i e d .  T h is
v a lu e  o f  th e  s t r i k e  v o l t a g e ,  Vgm> and th e  c o r r e s p o n d in g  gas d e n s i t y  N d e f i n e
a r e d u c e d  f i e l d  p w here :  sm
V
— s m  t j  i  /n = - r r r  B . 14sm Nd
The minimum s t r i k e  v o l t a g e  o c c u rs  a t  th e  p o i n t  o f  t h e  t a n g e n t  to  t h e  c u rv e  
of  a ( n ) / N  as  o u t l i n e d  i n  S e c t i o n  3 .1 ,  see  th e  g r a p h i c a l  p r e s e n t a t i o n  o f  
F i g u r e  6 .
D i f f e r e n t i a t i n g  e q u a t i o n  4 .3 8  and u s in g  th e  r e l a t i o n s h i p s  4 .3 9
and 4 .1 0  we o b t a i n  t h e  v a lu e  o f  p a t  th e  minimum s t r i k e  v o l t a g e  V i nsm sm
term s o f  8 and th e  geom etry  a s : -
2 fn /n  ) 3 /2  = n ( l  + kd/K b) B .15( sm oj sm/ o / o
Where i n  g e n e r a l  we h a v e : -
Nd exp
c u t s
, B . 16
E q u a t io n  B.16 r e p r e s e n t s  a  p l a n e  s u r f a c e  i n  a  t h r e e - d i m e n s i o n a l  s p a c e  whose 
axes  have  th e  c o - o r d i n a t e s  |Nd exp -  J  , d /b  , 1 / P gj • T h is  p l a n e
th e  t h r e e  a x e s  w i th  i n t e r c e p t s  r e s p e c t i v e l y  o f  Hq , ^  and -  ~ .
Hence, i n  p r i n c i p l e ,  i f  we know p q th e n  t h e s e  q u a n t i t i e s  may be 
found from  th e  m easu rem en ts  o f  Vg t a k e n  a t  d i f f e r e n t  v a lu e s  o f  d ,  b and N, 
by f i t t i n g  th e  b e s t  p la n e  th ro u g h  t h e s e  p o i n t s .  I f  t h i s  p l a n e  i s  p a r a l l e l  
to  th e  t h i r d  a x e s  i t  w i l l  c u t  i t  a t  a  p o i n t  n e a r  i n f i n i t y  and so 8 w i l l  be  
n e g l i g i b l y  s m a l l .
We have  some i n d i c a t i o n  o f  th e  v a lu e  o f  p q f rom  e q u a t i o n  B .1 5 .
-  B5 -
I f  3 << h t h e n : -  o
n ~ n sm o
2
V a f- V sm 4 o 1 + It ! b - 17Kb i
I f  n o t  t h e n  b o th  q u a n t i t i e s  a r e  l a r g e r  t h a n  t h e s e  v a l u e s .  I n  p r a c t i c e  n
i s  found  to  be c o n s t a n t  t o  w i t h i n  e x p e r i m e n t a l  e r r o r  f o r  q u i t e  l a r g e  v a r i a t i o n s
i n  t h e . g e o m e t r i c a l  r a t i o  d / b .  M oreover ,  i f  a n y th i n g ,  n i s  found  to  b e  r a t h e r  
2 . sm ( 44)
l e s s  th a n  C / 4  when compared w i th  th e  t a b u l a t e d  v a lu e  g iv e n  by  Ward . S in c e
n e g a t i v e  v a lu e s  o f  3 a r e  u n r e a l  th e  b e s t  f i t  o c c u r s  when 3 = 0 .  I f  W ard1s
- 1  - 1  iv a lu e  f o r  C i s  u se d  o f  1 7 ( V o l ts  cm t o r r  ) 2 and we make th e  a p p r o p r i a t e
c o r r e c t i o n s  f o r  th e  f a c t  t h a t  t h e  e x p e r im e n t s  w ere  c a r r i e d  o u t  a t  25°C we can
c u rv e  f i t  a l l  t h e  e x p e r im e n ta l  m easu rem en ts  f o r  Vg o b t a i n e d  a t  d i f f e r e n t  gas
d e n s i t i e s  and f o r  th e  p a n e l s  w i t h ,  f o r  i n s t a n c e ,  th e  s c r e e n  p r i n t e d  c a th o d e s
and th e  p h o to fo rm ed  g l a s s  s p a c e r  p l a t e s  to  e q u a t i o n  B .16 by u s in g  th e  com puter  
(55)package  CFITV '  .
As a r e s u l t  th e  f o l l o w i n g  v a lu e s  w ere  o b t a i n e d  from  th e  i n t e r c e p t s :
H = ~  = 0 .5 9 9  cm t o r r  , ~  = 0 .1 0 4  , 3 = 4 .1 0  ^ B .18o G K *
The mean d e v i a t i o n  was e q u i v a l e n t  t o  f i t t i n g  t h e  v o l t a g e s  t o  w i t h i n  ± 10 v o l t s .  
From t h i s  i t  can  be  se en  t h a t  3 may be s a f e l y  n e g l e c t e d .  T h is  c o n c lu s i o n  can  
be i l l u s t r a t e d  by r e - p l o t t i n g  th e  m easu rem en ts  by com bining  th e  f i r s t  two 
c o - o r d i n a t e s  o f  e q u a t i o n  B .16 and r e - p l o t t i n g  them a g a i n s t  t h e  t h i r d  co­
o r d i n a t e ,  making u s e  o f  t h e  f i t t e d  c o n s t a n t s  t o  g iv e  t h e  r e l a t i v e  s c a l i n g  
f a c t o r s ,  1 /Hq and k/K from  e q u a t i o n  B .18 . T h is  p l o t  i s  shown i n  F i g u r e  B . l .
I t  h a s  a  mean s lo p e  o f  3 and an i n t e r c e p t  o f  u n i t y  and i l l u s t r a t e s  t h a t  t h e  
3 e f f e c t  i s  n e g l i g i b l y  sm a l l  i n  t h e s e  p a n e l s .
W ith  3 = 0 e q u a t i o n  B .16  may be  c o n s i d e r a b l y  s i m p l i f i e d  t o  g i v e :
In KGNd GNb
Now re d u c e d  v a l u e s  o f  Nd and Vg may be  d e f i n e d  o f  x and y  r e s p e c t i v e l y  w here
x . p  N d / ( l  + kd/Kb) B.2 0
y = V / ( I  + kd/Kb)
A s t r a i g h t  l i n e  p l o t  i s  o b t a i n e d  by p l o t t i n g  /  x / y  a g a i n s t  l n ( x ) . i n 
F i g u r e  10 such  a u n i v e r s a l  p l o t  f o r  t h e  s t r i k e  v o l t a g e  h a s  b een  draw n. 
However, so t h a t  t h e  v a l u e s  can  h e  compared w i t h  t h o s e  c a l c u l a t e d  by Ward 
t h e  e q u i v a l e n t  p r e s s u r e  o f  gas  m easu red  i n  t o r r  a t  25°C i s  p l o t t e d  i n s t e a d  
o f  t h e  gas  d e n s i t y .  The v a l u e  o f  k /K  = 0 .1 0 4  found  from  t h e  com puter  f i t  i s  
u se d  f o r  t h i s  p u r p o s e .  The s lo p e  o f  t h e  l i n e  i s  1/C = 0 .0 6 5 4 ,  w h ich  a f t e r
i
c o r r e c t i n g  f o r  t h e  t e m p e r a t u r e  g i v e s  a  v a l u e  o f  C = 1 6 .0  ( V o l ts /c m  t o r r ) 2 
compared t o  W ard’ s v a l u e  o f  1 7 .0 .  The i n t e r c e p t  i s  ln (K /G )/C  = -  0 .0 2 9 4  
w h ich ,  a f t e r  c o r r e c t i o n ,  y i e l d s  a  v a l u e  o f  K/G = 0 .6 9 6 .  Thus u s in g  W a rd 's  
v a lu e  f o r  G = 8 .2  cm t o r r  we o b t a i n  K = 5 .7  and k = 0 .5 8  f o r  t h i s  p a r t i c u l a r  
c o m b in a t io n  o f  s c r e e n  p r i n t e d  c a rb o n  and t h e  p h o to fo rm ed  s p a c e r  p l a t e .  N o te ,  
u s in g  t h e s e  v a l u e s  we o b t a i n  t h e  f o l l o w i n g  v a l u e s  f o r  t h e  v o l t a g e  c o n s t a n t  
and t h e  minimum s t r i k e  v o l t a g e  r e s p e c t i v e l y  o f :
V = C2 K/G = 178 V o l t s  and V = e 2 V /4  = 329 V o l t s  o sm o
Appendix C
S o lv in g  th e  S e l f - S u s t a i n i n g  C o n d i t io n s  by A G r a p h ic a l  Method
The e q u a t i o n s  o u t l i n e d  i n  C h a p te r  4 a r e  complex and t h e i r  s o l u t i o n  
i s  n o t  a t  f i r s t  s i g h t  a s im p le  m a t t e r .  I t  i s  t h e r e f o r e  e x t r e m e ly  v a l u a b l e  
to  be a b l e  t o  v i s u a l i z e  how th e  s o l u t i o n s  can  be  a r r i v e d  a t  g r a p h i c a l l y .
Not o n ly  does  t h i s  g iv e  a b e t t e r  u n d e r s t a n d in g  o f  how th e  p rob lem  can  be
so lv e d  b u t  i t  a l s o  shows up how t h e  v a r i o u s  p h y s i c a l  and g e o m e t r i c a l
p a ra m e te r s  o f  t h e  p rob lem  i n t e r a c t ,  and t h i s  i n  t u r n  g i v e s  t h e  d e s i g n e r  a
f e e l  f o r  what w i l l  happen  i f  one o r  more o f  t h e  f a c t o r s  a r e  a l t e r e d .
A s i m p l i f i e d  form  o f  t h e  g r a p h i c a l  s o l u t i o n  h a s  a l r e a d y  been  
g iv e n  i n  t h e  t e x t ,  s e e  F i g . 6 . T h is  form  n e g l e c t s  t h e  end e f f e c t  a t  t h e  
c a th o d e  e l e c t r o d e ,  t h e  '3  f a c t o r ’ , and a l s o  t h e  l o s s  o f  i o n i z a t i o n  t o  t h e  
c e l l  w a l l s  t h e  'k  f a c t o r ' .  These  and a l s o  t h e  i n c r e a s e d  e f f i c i e n c y  o f  t h e  
i o n i z a t i o n  p r o c e s s  when t h e  f i e l d  i s  n o n -u n ifo rm  i n  t h e  c a th o d e  f a l l ,  t h e  
' s  f a c t o r ’ , can  now be in c lu d e d  a s  r e q u i r e d  i n  t h e  g r a p h i c a l  p r e s e n t a t i o n  
o f  t h e  s e l f - s u s t a i n i n g  c o n d i t i o n .
For  c o n v e n ie n c e  a l l  t h e  a x e s  u n i t s  a r e  n o rm a l iz e d  i n  te rm s  o f
th e  r e l e v a n t  gas  c o n s t a n t s .  Reduced f i e l d  i s  p l o t t e d  a lo n g  t h e  x a x i s
2 .n o rm a l iz e d  to  q = C w h i l e  t h e  r e c i p r o c a l  o f  t h e  p r o d u c t s  Nd, Nb, N f ,  e t c . ,  
can  be i n d i v i d u a l l y  p l o t t e d  a lo n g  th e  y a x i s  n o rm a l iz e d  to  Hq = K/G w hich  
i n c l u d e s  t h e  c a th o d e  f a c t o r  K, and t h e  gas  i o n i z a t i o n  c r o s s - s e c t i o n  G.
In  F i g u r e  Cl t h e  i o n i z a t i o n  i n t e g r a l  F ( q /q  S ) , t h e  mean o f  t h eo ,
i o n i z a t i o n  c o e f f i c i e n t  a c r o s s  t h e  c a th o d e  f a l l ,  i s  p l o t t e d  a g a i n s t  h/.q t h e  
mean o f  t h e  re d u c e d  f i e l d .  Curves  f o r  d i f f e r e n t  v a l u e s  o f  $, t h e  sh ap e  
f a c t o r ,  have  been  drawn i n  r a n g in g  from  s = 1 , t h e  s t r i k e  v a l u e ,  to  t h e  
maximum v a lu e  e v e r  p e r m i t t e d  by th e  P o i s s o n  e q u a t i o n  o f  s = 7 / 3 .
Two s e t s  o f  c u rv e s  a r e  com pared. The dash ed  l i n e s  show how t h e
p r e s e n t  t h e o r y  w i th  a (0 /N x )  p r e d i c t s  an  i n c r e a s e  i n  i o n i z a t i o n  e f f i c i e n c y  
as  s i n c r e a s e s  from  t h e  s t r i k e  v a l u e .  The b ro k e n  l i n e s  show t h a t  f o r  t h e  
c o n v e n t io n a l  t h e o r y  w i th  a (d 0 /N d x ) ,  t h e  o p p o s i t e  i s  t r u e .  The c u r v e s  f o r  
s = 1 a r e  i d e n t i c a l  f o r  b o th  t h e o r i e s ,  o f  c o u r s e ,  s i n c e  t h e  f i e l d  i s  u n i f o r m .
F ig u r e  C2 u s e s  t h e  i o n i z a t i o n  c u rv e s  p r e d i c t e d  by t h e  p r e s e n t  t h e o r y
to  d e r i v e  t h e  v o l t a g e  c h a r a c t e r i s t i c s  f o r  t h e  r e s t r i c t e d  glow. I t  w i l l  be  
shown t h a t  t h e  v o l t a g e  d ro p s  a f t e r  t h e  s t r i k e  p o i n t  due to  t h e  i n c r e a s e  i n  s .  
T h is  i s  t h e  r e s u l t  o f  an i n c r e a s e d  i o n i z a t i o n  e f f i c i e n c y  and a l s o  a h i g h e r  f i e  
a t  t h e  c a th o d e  w hich  can  l e a d  to  an  i n c r e a s e d  c o l l e c t i o n  o f  t h e  e l e c t r o n s  
r e l e a s e d  t h e r e .  E q u a t io n s  4 . 8 ,  4 .9  and 4 .1 0  a r e  t h e  b a s i c  e q u a t i o n s  w h ich  
m ust be s o lv e d .  T h e se ,  t o g e t h e r  w i th  t h e  e q u a t i o n s  o f  s e c t i o n  4 .3  and 4 .4
-  C2 -
w hich  d e te r m in e  t h e  l e n g t h  o f  t h e  c a th o d e  f a l l  f  and t h e  shape  f a c t o r  s i n
2te rm s  o f  t h e  r e d u c e d  power W/p fo rm  a  c o m p le te  d e s c r i p t i o n  o f  t h e  V -  W 
c h a r a c t e r i s t i c s .
W r i t in g  t h e  e q u a t i o n  4 .8  i n  te rm s  o f  t h e  a x e s  x  and y above  we
o b t a i n :
V
y = ~  (x0/ s + x ) + y0 = F(x >s) c *1
w here  x  = —  , y = i  and x  = —o n o P no o
The s o l u t i o n  o f  e q u a t i o n  C. 1 i s  r e p r e s e n t e d  by t h e  g e n e r a l  p o i n t  P w hich  i s  t h e  
i n t e r s e c t i o n  o f  t h e  s t r a i g h t  l i n e  y^ w i th  t h e  i o n i z a t i o n  c u rv e  y ^  w here :
V
yl = yo + T  (V S + X) c-2
and y ^  = F ( x , s )  C.3
The v a l u e  o f  s v a r i e s  f o r  t h e  r e s t r i c t e d  glow from  i t s  i n i t i a l  v a l u e  o f  s = 1
a t  s t r i k e ,  t h e  p o i n t  P , t o  i t s  maximum v a l u e  o f  s = s ^ ,  t h e  p o i n t  P ^ .  The
c u rv e  OP.F h a s  been  drawn i n  f o r  a  v a lu e  o f  s ^ 2  and c o r r e s p o n d s  t o  t h e  d m  m
u n r e s t r i c t e d  glow f o r  a l l  p o i n t s  P beyond P^ whose v o l t a g e  i s  V^.
y^ i s  t h e  s t r a i g h t  l i n e ,  QTP, from  t h e  p o i n t  Q(xQ/ s , y o) t o  P w i t h
a s lo p e  o f  Vq /V and so i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  v o l t a g e .  I t  c r o s s e s
th e  y a x i s  a t  t h e  p o i n t  T and i n t e r s e c t s  t h e  y^ c u rv e  a t  t h e  p o i n t  P . From 
e q u a t i o n  C.2 i t  can  be  s e e n  t h a t  y^ i s  composed o f  t h r e e  q u a n t i t i e s
yQ, V x /Vs and Vqx /V. These  l e n g t h s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  Nb,
V s/8  and Nd r e s p e c t i v e l y .  T h e  l a s t  i s  r e p r e s e n t e d  by t h e  p r o j e c t i o n  o f  PT 
on th e  y a x i s ,  i . e .  t h e  l e n g t h  NT. T h is  d i s t a n c e  e q u a l s  y^ i n  t h e  r e s t r i c t e d  
g low , a s  i l l u s t r a t e d  i n  F i g u r e  C2. W hile  t h e  glow i s  r e s t r i c t e d  b e tw e e n . . th e  
p o i n t s  Pg and P^ t h i s  l e n g t h  m ust r e m a in  c o n s t a n t  s i n c e  t h e  glow h a s  t o  f i t  
i n t o  t h e  a v a i l a b l e  anode c a th o d e  d i s t a n c e  d . I t  i s  such  t h a t
y , = H /Nd C .4J d  o
The s t a r t  p o i n t  Q r e p r e s e n t s  t h e  e f f e c t s  o f  t h e  b o u n d a r i e s .  I t s
p o s i t i o n  (x Q/s > y o) v a r i e s  w i t h  s .  I t  moves to w a rd s  t h e  y a x i s  w i t h  i n c r e a s i n g
s and t h i s  r e f l e c t s  an  i n c r e a s e d  c o l l e c t i o n  e f f i c i e n c y  o f  t h e  c a th o d e  e l e c t r o n s
by an  i n c r e a s e d  s lo p e  o f  t h e  l i n e  y^ and h e n c e  a low er  v o l t a g e  a s  Q moves from
i t s  s t r i k e  v a l u e  Q, t o  i t s  v a l u e  i n  t h e  u n r e s t r i c t e d  g l o w  Q .1 m
-  C3 -
S i m i l a r l y  a low er v o l t a g e  r e s u l t s  from  P moving from  Pg to  P^ and 
r e f l e c t s  t h e  i n c r e a s e  i n  i o n i z a t i o n  e f f i c i e n c y  a s  s i n c r e a s e s .
A so c a l l e d  ’norm al g lo w ’ o c c u r s  when t h e  l o s s  t o  t h e  w a l l s  i s  
s m a l l ,  yQ = 0 ,  and th e  glow i s  n o t  c o n s t r i c t e d  by them. For t h i s  to  happen 
Nb m ust be  l a r g e  enough and th e  c u r r e n t  m ust be  c o n t r o l l e d  by  t h e  e x t e r n a l  
c i r c u i t .  I t  m a n i f e s t s  i t s e l f  m a in ly  i n  t h e  u n r e s t r i c t e d  glow w hich  we d i s c u s s  
n e x t .  C o n t r a r y  to  what i t s  name i m p l ie s  i t  i s  i n  f a c t  a r a t h e r  s p e c i a l  c a s e  
o f  t h e  g low.
In  t h e  u n r e s t r i c t e d  f lo w ,  se e  F i g u r e  C3, s has  r e a c h e d  t h e  v a lu e  
s^  and th e  p o i n t  P moves up a lo n g  th e  c o r r e s p o n d in g  y^ c u r v e ,  u n r e s t r i c t e d  
by t h e  n e c e s s i t y  to  keep  y^ c o n s t a n t .  The s t a r t  p o i n t  i s  a l s o  f i x e d .
The d i s t a n c e  w hich  c o r r e s p o n d s  t o  y^ i n  t h e  r e s t r i c t e d  glow i s  now y^ and i s  
t h e  l e n g t h  NT, t h e  p r o j e c t i o n  o f  PT on th e  y a x i s .  I t  i s  r e l a t e d  t o  t h e  
c a th o d e  f a l l  d i s t a n c e  f  w hich  i s  now l e s s  t h a n  d by:
, y = H /N f C .5o
A gain  t h e  v o l t a g e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s lo p e  o f  y^ t h e  
l i n e  QjjjTP* T h is  r e a c h e s  a  maximum v a l u e  f o r  t h e  p o i n t  P^ w here  t h e  l i n e  y^ 
i s  t a n g e n t  t o  t h e  c u rv e  y T h i s  c o r r e s p o n d s  t o  t h e  lo w e s t  v o l t a g e  o f  t h e  
c h a r a c t e r i s t i c s ,  t h e  e x t i n c t i o n  v o l t a g e  V . H ere  y^ h a s  t h e  v a l u e  y e ,
The p o i n t ,  P^ o f  t h e  t a n g e n t  t o  t h e  c u rv e  i s  an  i n t e r e s t i n g  
one b e c a u s e  i t  i s  t h e  p o s i t i o n  w here  t h e  glow re m a in s  i n  t h e  c o n d i t i o n  o f  
t h e  ’’norm al glow" when c o n d i t i o n s  a r e  r i g h t  f o r  t h i s  t o  o c c u r .  T h i s  h a ppens  
i f  t h e  glow d i a m e te r  sh o u ld  f a l l  be low  t h e  b o r e  o f  t h e  c e l l .  The s i z e  o f  
t h e  minimum d ia m e te r  o f  t h e  glow i s  d i s c u s s e d  i n  more d e t a i l  i n  A ppendix  B, 
w here  i t  was deduced  t h a t  t h e  minimum glow d i a m e te r  i s  a b o u t  t w ic e  t h e  c a th o d e  
f a l l  d i s t a n c e .  Thus i t  i s  s m a l l e r  t h a n  t h e  c e l l  b o r e  i f :
2K ,y > —  y C. 6Je k  o
K/k i s  t h e  r a t i o  b e tw een  t h e  i o n i z a t i o n  r e q u i r e d  by  t h e  c a th o d e  t o  s u s t a i n  
t h e  glow and t h e  i o n i z a t i o n  l o s t  to, t h e  w a l l s  when t h e  glow i s  c o n s t r i c t e d .  
T h is  r a t i o  i s  found  e x p e r i m e n t a l l y  t o  be a b o u t  10. Thus i f  y^ becomes a b o u t  
tw e n ty  t im e s  y Q t h e  glow can  s w i tc h  i n t o  t h e  no rm al s t a t e  w i t h  t h e  e f f e c t i v e  
v a l u e  o f  y Q t e n d i n g  t o  z e r o .
The c h a r a c t e r i s t i c s  re m a in  s t a t i o n a r y  a t  t h e  p o i n t  o f  t h e  t a n g e n t  P e
-  C4 -
Thus t h e  v o l t a g e ,  t h e  c a th o d e  f a l l  d i s t a n c e  and t h e  r e d u c e d  f i e l d ,  Vn , 'f
and n a r e  f i x e d .  The c u r r e n t  d e n s i t y  i s  d e te rm in e d  by  s u b s t i t u t i n g  t h e
v a l u e  o f  ri and V b a c k  i n t o  t h e  P o i s s o n ’ s e q u a t i o n  and so a l s o  i s  f i x e d  a t  n  n
J ^ .  Only t h e  d i a m e te r  o f  t h e  glow on t h e  c a th o d e  may change  w i t h  c u r r e n t  
w hich  m ust be  e x t e r n a l l y  c o n t r o l l e d .  The m a g n i tu d e s  o f  t h e  norm al q u a n t i t i e s  
a r e  d e te rm in e d  o n ly  by t h e  g a s  and t h e  n a t u r e  o f  t h e  c a th o d e  m a t e r i a l  u s e d .
On t h e  low c u r r e n t  s i d e  t h e  d i s c h a r g e  m ust r a p i d l y  s w i tc h  from  t h e  s u b -n o rm a l  
i n t o  t h e  no rm al s t a t e  b e c a u s e  t h e  d e c r e a s e d  l o s s  t o  t h e  c e l l  w a l l s  g i v e s  i t  
a h ig h  n e g a t i v e  r e s i s t a n c e .  T h is  e f f e c t  may p o s s i b l y  e x te n d  down t o  t h e  
s t r i k e  . c o n d i t i o n  i f  y^ i s  a l s o  s u f f i c i e n t l y  l a r g e  compared t o  y Q. I t  w i l l  
r e d u c e  t h e  s t r i k e  v o l t a g e  somewhat b u t  b e c a u s e  o f  t h e  d i s p a r i t y  a l r e a d y  i n  
s i z e s  b e tw een  y^ and y Q, i t  w i l l  n o t  be  v e r y  n o t i c e a b l e .  On t h e  h ig h  c u r r e n t  
s i d e  t h e  glow becomes abnorm al a s  soon  a s  i t s  d i a m e te r  r e a c h e s  t h e  v a l u e  o f  
t h e  c e l l  b o r e .  The s t a r t  p o i n t  Qn r e t u r n s  t o  i t s  v a l u e  and t h e  s o l u t i o n  
p o i n t  P moves h i g h e r  up t h e  c u rv e  F^ above  P . ■
We now c o n t r a s t  t h e  p r e d i c t i o n s  o f  t h i s  t h e o r y  w i th  t h o s e  o f  t h e
c o n v e n t io n a l  t h e o r y .  A gain  t h e  g r a p h i c a l  a p p ro a c h  can be  a d o p te d .  However,
a s  shown i n  F i g u r e  C l ,  t h e  i o n i z a t i o n  c u rv e s  f o r  F a r e  now l e s s  t h a n  t h o s em
f o r  F^ . A lth o u g h  i t  m ig h t  be supposed  t h a t  t h e  f B f a c t o r ’ c o u ld  be  l a r g e
enough to  c o u n t e r a c t  f o r  t h i s  l o s s  o f  i o n i z a t i o n  e f f i c i e n c y  w i th  an i n c r e a s e d
c o l l e c t i o n  e f f i c i e n c y  f o r  t h e  e l e c t r o n s  e m i t t e d  by th e  c a th o d e .  I t  a p p e a r s
t h i s  i s  p o s s i b l e  even a t  t h e  minimum s t r i k e  v o l t a g e  V p ro v id e d  x  i ssm • o
g r e a t e r  th a n  a minimum v a lu e  w hich  i n c r e a s e s  w i th  b o th  y and s . F o ro m
example F i g u r e  C4 shows t h a t  when y Q = 0 .1  t h a t  < V sm p ro v id e d  x q > 1.
At a h ig h  enough y Q, low enough N, > Vg w hich  a t  f i r s t  s i g h t
would a p p e a r  t o  e x p la i n  t h e  ’c r e e p  o n '  phenomenon. However, i t  t u r n s  o u t
t h a t  n e a r  s = 1 t h e  r a t e  o f  change  o f  i o n i z a t i o n  e f f i c i e n c y  w i th  s a t
‘ 3F ‘c o n s t a n t  r e d u c e d  f i e l d  p ,  i . e . 3s
s i n c e  any change  i n  e f f i c i e n c y  i s  dSm ina ted  by th e  i n c r e a s e d  c o l l e c t i o n  a t  
th e  c a th o d e  so t h e r e  i s  a lw ays  a sm a l l  n e g a t i v e  r e s i s t a n c e  when th e  d i s c h a r g e  
s t r i k e s  even  w i th  t h i s  s t r a t e g y .  N o te ,  w i th  t h e  c o n v e n t io n a l  s t r a t e g y  we may 
w r i t e  t h e  i n t e g r a l  f o r  F a s :
te n d s  t o  z e r o .  T h is  means t h a t  V - < Ve s
F ( n / n . s ]  =
r l — ,
exp.
J o
f T,°] l d t  C. 7
n s ( l  -  t ) s_1
I t  i s  t h e n  a s im p le  m a t t e r  t o  d i f f e r e n t a t e  w i t h i n  t h e  i n t e g r a l  s i g n  and so 
" 3F ' 'show t h a t 3s i s  z e ro  a t  s = 1.n
-  C5 -
A lth o u g h  t h i s  would n o t  a c c o u n t  f o r  t h e  " c r e e p  on" phenomenon 
d i r e c t l y  y e t  i t  would p r e d i c t  t h e  d e c r e a s e  o f  e x t i n c t i o n  c u r r e n t  I  found 
a t  t h e  low er  gas  d e n s i t i e s ,  N. When I  becomes s u f f i c i e n t l y  s m a l l  t h e n  
random f l u c t u a t i o n s  i n  c u r r e n t  d e n s i t y  m ig h t  e n a b le  t h e  glow t o  s t r i k e  a t  
t h e  e x t i n c t i o n  v a lu e  and so e x p l a i n  " c r e e p  on" i n d i r e c t l y .
To a c c o u n t  f o r  t h e  d ro p  o f  v o l t a g e  Vgm -  o b s e rv e d  by th e  
"3 e f f e c t "  a lo n e  q u i t e  l a r g e  v a l u e s  o f  ( 3 / n o) a r e  r e q u i r e d .  Even f o r  a 
norm al glow w i th  V = Vgm a v a l u e  o f  3 / n Q ~ 0 .4 5  may be e s t im a te d  g r a p h i c a l l y .
V a lu es  o f  3 o f  t h i s  o r d e r  would be e a s i l y  d e t e c t a b l e  i n  e x p e r im e n ta l  
m easu rem en ts  o f  Vg u s in g  d i f f e r e n t  c e l l  g e o m e t r i e s  and gas  d e n s i t i e s .  I n  f a c t ,  
as  we have  s e e n  i n  A ppendix  B and F ig u r e  Bl. t h e r e  does  n o t  seem to  be  any 
s i g n i f i c a n t  " 3  e f f e c t "  d e t e c t a b l e  i n  m easu rem en ts  o f  t h i s  k i n d .  We 
t h e r e f o r e  c o n c lu d e  t h a t  t h i s  e f f e c t  a lo n e  c a n n o t  a c c o u n t  f o r  t h e  b e h a v io u r  
o f  V£ w i t h  N o b s e rv e d  e x p e r i m e n t a l l y .
I n  f a c t  we show i n  t h e  t e x t  i n  C h a p te r  6 and 7 t h a t  t h e  e x p e r im e n ta l  
r e s u l t s  s t r o n g l y  s u g g e s t  t h a t  o t h e r  f a c t o r s  a r e  r e s p o n s i b l e  f o r  t h e  " c r e e p  on" 
phenomenon. These  i n c l u d e  t h e  e f f e c t  o f  an  i n c r e a s e d  l o s s  o f  i o n i z a t i o n  to  
t h e  w a l l s  when t h e  glow i s  on . T h is  i s  a t t r i b u t e d  t o  t h e  w a l l s  becom ing 
p o s i t i v e l y  c h a rg e d  by t h e  e x c e s s  o f  p o s i t i v e  io n s  i n  t h e  c a th o d e  f a l l .  The 
r e s u l t  i s  t h a t  more e l e c t r o n s  a r e  a t t r a c t e d  t o  t h e  w a l l s  t h a n  f o r  t h e  s t r i k e
c o n d i t i o n .  Thus t h e  p o i n t  Q moves upw ards w h i l e  t h e  glow i s  r e s t r i c t e d  w i t h  y Q
i n c r e a s i n g  a s  s ( s  -  1 ) ,  i . e .  p r o p o r t i o n a l l y  t o  t h e  im b a la n c e  o f  p o s i t i v e  and 
n e g a t i v e  s p a c e - c h a r g e .  O th e r  f a c t o r s  d i s c u s s e d  a r e  t h e  e f f e c t s  o f  g as  h e a t i n g  
i n  t h e  c a th o d e  f a l l  w hich  c an  r e d u c e  t h e  g as  d e n s i t y  t h e r e  and h e n c e  i n c r e a s e  
yQ w i t h  s i m i l a r  c o n s e q u e n c e s .  The g a s  may be h e a te d  d i r e c t l y  by ohmic h e a t i n g  
o r  i n d i r e c t l y  by c o n t a c t  w i t h  t h e  c a th o d e .  Much o f  t h e  io n  e n e rg y  i s  
d i s s i p a t e d  a t  t h e  c a th o d e  and some o f  t h i s  may be  t r a n s f e r r e d  t o  t h e  g a s .  
I n c r e a s e  o f  y Q o f  c o u r s e  r e d u c e s  t h e  s lo p e  o f  t h e  l i n e s  y^ and h e n c e  i n c r e a s e s  
t h e  v o l t a g e .  I t  becomes more and more s i g n i f i c a n t  a s  t h e  p r o d u c t  Nb d e c r e a s e s .  
Thus a t  s u f f i c i e n t l y  low d e n s i t i e s  we f i n d  t h a t  t h e  i n c r e a s e  o f  t h e  i o n i z a t i o n  :
e f f i c i e n c y  w i t h  s i s  c a n c e l l e d  o u t  by t h e  i n c r e a s e d  l o s s  t o  t h e  w a l l s  and so
t h e  glow no lo n g e r  h a s  a  n e g a t i v e  r e s i s t a n c e  b u t  " c r e e p s  on" i n s t e a d .
-  Dl -
Appendix  D
The M o d i f i c a t i o n s  due t o  t h e  Gas D e n s i ty  R e d u c t io n  F a c to r  r
An e x p r e s s i o n  f o r  t h e  gas  d e n s i t y  r e d u c t i o n  f a c t o r ,  r ,  due to  
h e a t i n g  o f  t h e  g a s ,  i s  d e r i v e d  i n  C h a p te r  6 , s e e  e q u a t i o n  6 .8 .  T h is  
c o r r e c t i o n  a l t e r s  t h e  fo rm u la e  f o r  t h e  i o n i z a t i o n  c o e f f i c i e n t  a ,  t h e  
re d u c e d  f i e l d  q and t h e  m o b i l i t y  y+ , e q u a t io n s  4 . 1 ,  4 .1 0  and 4 .1 5  , 
r e s p e c t i v e l y .  R e w r i t in g  t h e  e q u a t i o n s  4 .1  and 4 .1 5  i n  te rm s  o f  t h e  d e n s i t y  
a t  z e ro  pow er, Nq , we o b t a i n  r e s p e c t i v e l y :
a
N r  G
and
' I  d0 
N r  dx
+
D . l
D. 2
However, i t  i s  more c o n v e n ie n t  to  r e - d e f i n e  t h e  q u a n t i t i e s  su ch  a s  t h e  
r e d u c e d  f i e l d  q ,  H and P i n  te rm s  o f  t h e  z e ro  power d e n s i t y  Nq . Thus we 
w r i t e :
GN b
q = rr—p , H = N f  , P = —7^— D.3N f  o ko
The e q u a t io n s  4 .1 0  th e n  rem a in  u n a l t e r e d  by t h i s  change .
However, eve ryw here  e l s e  w h e re v e r  Nq h a s  o c c u r r e d  on i t s  own 
h i t h e r t o ,  from  h e n c e f o r t h  i t  m ust be r e p l a c e d  by NQr .
Thus f o r  i n s t a n c e  t h e  t o t a l  i o n i z a t i o n  i n t e g r a l  e q u a t i o n  4 .9  now 
becom es, u s in g  e q u a t io n  D . l :
F  ^ n / r p Q , sj
/rp tV 
exp -  /  d t D .4
and we m ust r e p l a c e  H and P by rH and rP  r e s p e c t i v e l y .  A ls o ,  e q u a t i o n  
4 .1 9  becom es, u s in g  e q u a t io n  D .2:
R = W
f ^ 5 /2  rp o
( rP )  o n
D. 5
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These m o d i f i c a t i o n s  have  b e e n  i n s e r t e d  i n  th e  com puter  p rogram s 
o f  C h a p te r  7 and u se d  t o  o b t a i n  th e  cu rv e  f i t t i n g  c o n s t a n t s ,  E and Q, when 
gas h e a t i n g  i s  p r e v a l e n t .  T h is  i s  e s p e c i a l l y  e v i d e n t  w i th  th e  f i n e r  d i a m e te r  
c e l l s  o b t a i n a b l e  u s in g  th e  a n o d iz e d  s p a c e r  p l a t e s .
F o r  th e  g r a p h i c a l  p r e s e n t a t i o n  o f  th e  s o l u t i o n  o f  th e  p ro b le m  
o f  th e  c h a r a c t e r i s t i c s  w h ich  i s  g iv e n  i n  Appendix  C, i t  f o l lo w s  t h a t  w hat 
i s  r e q u i r e d  i s  a  change o f  th e  s c a l e  o f  t h e  ax e s  t h e r e b y  m u l t i p l y i n g  b o t h
^O 1 / n . \
s i d e s  by th e  f a c t o r  1 / r .  Thus ^  ”  and > S 1 a r e  p l o t t e d  a g a i n s t
r i / r n o . T h is  change i n  th e  s c a l e  o f  b o th  th e  axes  by th e  same f a c t o r  l e a v e s
th e  sh a p e s  o f  th e  c u rv e s  u n a l t e r e d .  I n  p a r t i c u l a r ,  th e  q u o t i e n t s  w hich
d e te rm in e  th e  s lo p e s  and h e n c e  th e  v a r i o u s  v o l t a g e s  such  as th e  h o l d in g
v o l t a g e  = n/H re m a in  th e  same when r  c h a n g e s .  C o n v e r s e ly ,  i f  a l l  b u t
one o f  th e  q u a n t i t i e s  r P ,  r H/HQ o r  h / ^ h 0 i s  h e ld  c o n s t a n t  t h e n  th e  r e m a in in g
one a l s o  m ust r e m a in  c o n s t a n t .  I n  t h i s  way i f  th e  r e l a t i v e  v o l t a g e s  V/VQ
and rP  have  g iv e n  v a lu e s  t h e n  so does  h / r no and from  t h i s  i t  f o l l o w s ,  s e e
e q u a t i o n  D .5 ,  t h a t  W/WQRm a l s o  h a s  a  g iv e n  v a l u e .
The q u a n t i t y  rP  can  o n ly  be  m a in ta in e d  c o n s t a n t  i f  a d d i t i o n a l
gas i s  pumped i n  as  th e  v a lu e  o f  r  d e c r e a s e s  w i th  i n c r e a s i n g  power a c c o r d in g
to  e q u a t i o n  6 . 8 .  T h is  m ig h t  be p o s s i b l e  w h i l e  th e  p a n e l  was c o n n e c te d  to
th e  pump b e n c h .  N o rm ally ,  how ever ,  th e  p a n e l  would  be f i l l e d  to  a  f i x e d
d e n s i t y  Nq r  such  as  to  g iv e  th e  d e s i r e d  r e l a t i v e  o p e r a t i n g  p o i n t
(W,/W R , V /V ) .  Then when W, i s  z e ro  and r  i s  u n i t y ,  a s  a t  th e  s t r i k eh o nr r  o h J 9
v o l t a g e  Vg , th e  a p p r o p r i a t e  v a lu e  o f  th e  gas d e n s i t y  needed  to  c a l c u l a t e
th e  p a ra m e te r s  would be  t h a t  much h i g h e r  a t  Nq . T h is  w i l l  g iv e  a h i g h e r
v a lu e  o f  V th a n  would  o c c u r  w i t h o u t  th e  e f f e c t  o f  gas h e a t i n g  b e c a u s e  th e  s
gas d e n s i t y  i s  a lw ays c h o sen  to  be a p p r e c i a b l y  g r e a t e r  th a n  th a n  w hich
g iv e s  a minimum s t r i k e  v o l t a g e  Vgm. T his  i s  b e c a u s e  o f  th e  need  to  p r o v id e
a s u f f i c i e n t  s w i t c h i n g  gap V . The e x t i n c t i o n  v o l t a g e  V i s  a l s o  s l i g h t l y• g e
s m a l l e r  s i n c e  th e  c u rv e s  c r o s s  a t  th e  o p e r a t i n g  p o i n t  and th e  d e n s i t y  i s
g r e a t e r  a t  e x t i n c t i o n  t h a n  i t  would o th e r w i s e  have  b e e n ,  se e  F ig u r e  D . l a .
Thus th e  e f f e c t  o f  gas h e a t i n g  w i th  i t s  c o r r e s p o n d in g  r e d u c t i o n
i n  gas  d e n s i t y  i s  to  c a u se  th e  i n i t i a l  f i l l i n g  d e n s i t y  to  be  g r e a t e r  b u t ,
p a r a d o x i c a l l y ,  to  l e a v e  th e  r e l a t i v e  power d i s s i p a t i o n  u n a l t e r e d  a t  th e
r e l a t i v e  h o l d in g  v o l t a g e  and i n s t e a d  to  im prove  th e  r e l a t i v e  s w i t c h i n g
v o l t a g e  gap , V /V , by a s m a l l  b u t  s i g n i f i c a n t  am ount.
§
To compare p a n e l s  w i t h  d i f f e r e n t  p a r a m e te r s  o p e r a t i n g  a t  th e  same 
r e l a t i v e  p o i n t .  I t  i s  s u f f i c i e n t  t o  compare th e  q u a n t i t i e s  to  d e te r m in e
th e  r e l a t i v e  power d i s s i p a t i o n  a t  th e  o p e r a t i n g  p o i n t .  I f  t h e  v a lu e  o f  .
-  D3 -
f o r  one o f  t h e  p a n e l s  i s  known t h e n  i t  c an  b e  c a l c u l a t e d  f o r  th e  o t h e r s  
u s in g  th e  c o r r e s p o n d in g  v a lu e s  d e r iv e d  from  th e  c u rv e  f i t t i n g .  I f
i s  known th e n  th e  v a lu e  o f  t h e  d e n s i t y  r e d u c t i o n  f a c t o r  a t  th e  o p e r a t i n g  
p o i n t ,  r ^ ,  c an  be  deduced  u s in g  e q u a t i o n  6 .8  and th e  v a lu e s  o f  E and Q, th e  
h e a t i n g  p a r a m e te r s  d e r i v e d  from th e  cu rv e  f i t t i n g .
The im provem ents  i n  r e l a t i v e  s w i t c h i n g  gap V /V , due to  th e  gas 
h e a t i n g  c a n  a l s o  be e s t i m a t e d .  T h is  can  be  t a k e n  as  i t s  v a lu e  a t  th e  h i g h e r  
d e n s i t y  N / r^  f o r  c h a r a c t e r i s t i c s  i n  th e  a b s e n c e  o f  gas  h e a t i n g .  T h is  
p r o c e d u r e  would  t e n d  to  o v e r - e s t i m a t e  V b e c a u s e  i t  assum es t h a t  r  i s  n o tg
s i g n i f i c a n t l y  d i f f e r e n t  from  u n i t y  a t  th e  e x t i n c t i o n  v o l t a g e .
Ah a l t e r n a t i v e  a p p ro a c h  to  t h e s e  c a l c u l a t i o n s  i s  to  m a i n t a i n  th e  
r e l a t i v e  s w i t c h i n g  v o l t a g e  gaps c o n s t a n t ,  t h e n  P i s  a p p ro x im a te ly  c o n s t a n t ,  
and to  a t t e m p t  to  compare th e  r e l a t i v e  power d i s s i p a t i o n  f o r  d i f f e r e n t  
p a n e l s  a t  an  a p p r o p r i a t e  r e l a t i v e  h o l d in g  v o l t a g e  V^/Vq , see  F ig u r e  D . l b .  
T h is  i s  a much more d i f f i c u l t  p r o c e d u r e  to. com pute . Only an  o u t l i n e  w i l l  
be g iv e n  h e r e .  I t  may be s e e n  by r e f e r e n c e  t o  th e  g r a p h i c a l  p r e s e n t a t i o n  
i n  A ppendix  C t h a t  b e c a u s e  th e  h o l d in g  v o l t a g e ,  V^, i s  above t h e  e x t i n c t i o n  
v o l t a g e ,  V , any d e c r e a s e  i n  gas d e n s i t y ,  w hich g iv e s  an  i n c r e a s e  i n  1 / r P ,  
w i l l  mean t h a t  th e  l i n e ,  QP, o f  c o n s t a n t  v o l t a g e  V^/V » w i l l  c u t  th e  F 
c h a r a c t e r i s t i c  a t  a  s l i g h t l y  low er v a lu e  o f  th e  c o - o r d i n a t e  ( n / n ^ r ) . T h i s ,  
by e q u a t i o n  D .5 ,  w i l l  te n d  to  r e d u c e  th e  power d i s s i p a t i o n  beyond w ha t  i s  
c a l c u l a t e d  b e lo w .  An u p p e r  l i m i t  f o r  th e  power d i s s i p a t i o n  i s  found  i f  we 
ta k e  n / n Qr  c o n s t a n t  a t  th e  o p e r a t i n g  p o i n t .  Thus we w r i t e ,  u s in g  e q u a t i o n  
D.5:
W./W R r. 2 = v D.6h o m h .A
w here x i s  a c o n s t a n t  d ep e n d in g  on and P .  However, r ^  i s  a l s o  a 
f u n c t i o n  o f  th e  d i s s i p a t i o n  as  can  be d e te rm in e d  by e q u a t i o n  6 . 8 .  We 
r e - w r i t e  t h i s  f o r  c o n v e n ie n c e  i n  th e  form :
f 1 + # ! h j  - 1  D .7- 1r h
w here :
= -4- + — ^  D .8
b (Nb)
U sing  th e  n o t a t i o n  o f  D .7 ,  e q u a t io n  D.6 becom es:
-  D 4  -
W,,h ( l  + ^ W h) / W o Rm X = l
T h is  e q u a t i o n  h a s  o n ly  one r e a l  r o o t  f o r  W  ^ w hich  may be  o b t a i n e d  u s in g  
C a r d i n ’ s method f o r  s o l v i n g  th e  c u b ic  e q u a t i o n .  We f i n a l l y  o b t a i n  th e  
s o l u t i o n  i n  th e  form :
D.9
W.
X R W A m o
=  c(0 D. 10
w h ere :
D .11
and X. i s  a  f u n c t i o n  o f  5 , w h ich  h a s  b e e n  p l o t t e d  i n  F ig u re  D .2 ,  i s  g iv e n  by 
th e  e q u a t i o n  D .12 b e lo w .
c (5 )  = f T 7 T
( 20 1 /3
+■4/275 + 1
1 /3 -  1
+■4/275 “  1
D.12
When 5 = 0 ,  no h e a t i n g  £ = 1 and i t  d e c r e a s e s  r a p i d l y  a t  f i r s t  w i t h  an
i n c r e a s e  o f  t h i s  h e a t i n g  f a c t o r  5 .  I t  h a s  s low ed  up by when 5 = 4 ,  t, -  0 . 2 5 ,
and i t  s t a y s  a round  0 .2  w h i le  5 i n c r e a s e s  to  t h e  v a lu e  10.
The a p p r o p r i a t e  q u a n t i t y  to  compare be tw een  p a n e l s  i n  t h e  p r e s e n c e
o f  h e a t i n g  o f  t h e  gas  i s  t h u s  Wq R^ l, . I t  shows t h a t  C can p a r a d o x i c a l l y
c a u se  an a p p r e c i a b l e  r e d u c t i o n  i n  power d i s s i p a t i o n  w hich  depends  on th e
p a ra m e te r  £ .  T h is  i n  t u r n  depends on and h ence  E and Q th ro u g h  e q u a t i o n s
D . l l  and D .8 .  D e t a i l s  o f  t h e  v a lu e  o f  W  ^ a t  t h e  w o rk in g  p o i n t  m ust a l s o
be  known f o r  one c a s e ,  sa y  th e  c a se  when no gas  h e a t i n g  i s  p r e s e n t  C = 1 .
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PATENT SPECIFICATION CM) X 473 349
© S  (%D Application No. 45522/73 (22) Filed 28 Sept, )973
^  (2.3) Complete Specification filed 3 July 1974
(44) Complete Specification published IS May 1977 
CO (51) IN T  CL1 H01J 6 1 /9 2  61/64  
(52) Index at acceptance 
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(72) Inventors RAYMOND FREDERICK HALL ‘
JOHN MICHAEL STUART SCHOFIELD 
JAMES SMITH and
IBFFREY CHARLES MERRELL SHORT
(54) OLQW -DISqHARGE DISPLAY DEVICE
(71) We, M ULLARD LIMITED, of energised during an address period and
Abacus. House, 33 Gutter Lane, • London remains on until such time as an “off”
E.C.2., a British Company, do hereby de- pulse is applied thereto.
. dare the invention, for which we pray that
5 * patent may be granted to us, and the Once a discharge is energised it is necessapy 50
method by which it is to be performed, to to control the current by means of a limit-
be particularly described in and by the . ing resistor. In the cyclic mode such a 
following statement?—  resistor is connected in series with each
This invention, relates to  an electrical anode row or each cathode column. The
10 glow-discharge display device comprising an resistor is then time-shared between all the 55
array of glow-discharge cathode elements and discharges on its row or column. Thus if the
an anode element adjacent each cathode ele- current Limiting resistors are in the cathode
xnent for co-operating therewith to define an columns the anode rows must be switched
array of direct current glow-discharge paths on in a cyclic manner.
15 through a. gas atmosphere contained in said If there are n rows a discharge cannot 60
device, the cathode elements being electric- be operated for a time greater than a frac-
ally interconnected in groups, as are the tion l / «  of the total field or frame time,
anode elements, so that an addressing system (In practice the maximum operating time
exists for said paths, the surfaces of the ele- of each discharge will be even less than this
20 ments of each cathode group which contact because of its finite switch-on time). This 65
sand atmosphere being physically , separate mode o f5 operation has the disadvantage that,
from other. whilst operating, each discharge must give
If th e  cathode and anode elements are out at least n times the mean light, output
. arranged; in rows and columns the cathode required. The cycling time must also be
25 element groups may each consist of a column sufficiently rapid to avoid a flickering effect 70
: o f cathode elements and the anode element from the display.
groups, may each consist of a row of anode The storage mode overcomes the duty- 
dements, the addressing system then being factor problem. It is theoretically possible
one form of “cross-bar” addressing system, because, once a discharge has been initiated,
30 (T he terms “row” and “column” are used the voltage necessary to maintain that dis- 75
herein merely in a comparative sense; in charge is lower than that required to initiate
practice the array may be orientated so that it. Thus, if the row and column Conductors
the rows extend from top to bottom and the are maintained at a relative potential
columns extend from side to side. In addi- difference V which is greater than the
35 tion the rows may extend at an angle other extinction voltage Ve for the discharges but 80
titan 90° to the columns. They may also be less than their striking voltage Vs, i.e.
curved, as may the columns).
Such a device may be used for displaying Vl!>VJ>Ve,
simple patterns such as diagrams, numerals,
4 0 ’ or words. There are two modes of operation all elements will remain off until the voltage 
of such devices:—  between the row &rtd column Conductor cor­
responding to a particular element is 85
(a) cyclic, when each discharge path is momentarily raised to above the striking
only energised during the period when voltage. When this Is done the element in
the row and column containing that question Will strike* and moteover it Will
45 _ path arc addressed, and remain on after the ffidtneiltatily raised .
(b) storage,- when each discharge path is voltage has retailed to its initial value. Thiis 90
\M k m m
1,473,-849 2
successive elements can be energised in turn, 
and will remain on unless steps are taken to 
subsequently extinguish them. This can be 
done by momentarily reducing the voltage 
5 between the row and column conductor cor­
responding to a particular element.
There is one major problem which arises 
if energising a device in this way is
attempted. The current-limiting resistors
10 cannot be time-shared as in the cyclic mode 
of operation described above. One resistor 
must be permanently connected in series
with each discharge path either in the anode
or in the cathode lead- thereto. This would 
15 be fairly easy to do if either all the individual
. anodes or, as in display tube type ZM 1251
obtainable under the Registered Trade 
Mark “Mullard”, all the individual cathodes 
were to have separate external connections, 
20 but this is not so in a panel including a 
cross-bar addressing system and it is 
necessary then to include the individual 
resistors within the panel itself.
Co-pending Patent Application 34369/71
25 (Serial No. 1,325,260) describes and claims 
one way in which this can be done. Said 
Application discloses a construction in which 
the anode electrodes comprise electrically 
conductive films deposited in rows and 
30 columns on their inner surface of an optically 
permeable viewing window of the device, the 
anode films of each row being individually 
electrically connected to a common row 
' supply conductor which forms part of a 
35 cross-bar addressing system, which is also 
deposited on said inner surface, and at least 
the major portion of which is covered with 
-an electrically insulating layer, said elec­
trical connections each being formed by an 
40 electrically resistive thin-film path deposited 
on said inner surface and covered with an 
electrical insulator.
It is an object of the present invention to 
provide an alternative construction in which 
45 the internal impedance of the discharge itself
can be used to control the current so that in 
effect the current versus voltage charac­
teristic is equivalent to that of known devices 
. When an individual resistor is connected in 
50 series with each path. (If, desired, individual
resistors may still also be provided, to assist 
in the current control).
According to one aspect the invention pro­
vides an electrical glow-discharge display 
55 device comprising an array of glow-discharge 
cathode elements and an anode element 
adjacent each cathode element for co-operat­
ing therewith to define an array of direct 
curjrent glow-discharge paths through a gas 
60 atmosphere contained in said device, the 
cathode elements being electrically intercon­
nected in groups, as are the anode elements, 
so that an addressing system exists for said 
paths,, the surfaces of the elements of each 
65 cathode group which contact said atmosphere
being physically separate from each other 
and comprising carbon.
The carbon is preferably in finely divided 
form. The particles of carbon then prefer­
ably have diameters lying in the range 0.01 70
um to 10 ,nm.
It has been found that manufacturing the 
cathode surfaces which contact said atmo­
sphere from carbon which is preferably in
finely divided form can result in a current- 75
voltage characteristic for each discharge path 
the slope dW/di of which is unusually high 
for low current densities at the cathode sur­
face in a discharge cell in which no positive 
column occurs. 80
It should be noted that it is known that 
the positive slope d V /d i—'Rg say, of such a 
gas discharge characteristic is inversely pro­
portional to the cathode area and to the 
square of the gas pressure. However, in order 85
to obtain values of Rg which are sufficiently 
high for the purpose referred to herein- • 
before the required values of these para­
meters are somewhat impractical with 
commonly-used cathode materials. In par- 90
ticular the low pressure and high current 
density implied are liable to lead to rapid 
erosion of the cathode. -
Because the sputtering rate of carbon is 
considerably lower than for many other 95
materials a lower gas pressure and/or higher 
current density can be tolerated v/hen using 
this material. Nevertheless there is a 
practical lower limit to the pressure imposed 
by the erosion of even these cathodes and 100
also by the possibility of the voltage charac­
teristic o f the discharge becoming unaccept­
able. The existence of a limiting lower value 
for the gas pressure implies in turn a cor­
responding limiting upper value for the 105
effective area of each cathode clement if the 
required value (for example 400 K ohms to 
2 M  ohms) is to be realised for Kg. A  
suitable pressure value for pute neon has 
been found empirically to be 4 0 —60 Torr 110 
for cathode element areas of approximately
0.4 mm2 and anode-cathode spacings of 1.3 
mm. Rg may then lie in the range 700 K  
ohms to 1 M ohm. As an alternative, a 
suitable pressure value for neon 4-5% argon 115
by weight has been found empirically to be 
70 Torr for cathode clement areas of 0.07 
mm2 and anode-cathode spacings of 0.75 
mm. Rg may then be approximately 1 M  
ohm. As a further alternative a suitable pres- 120
sure value for pure xenon has been found 
empirically to be 50 Torr for cathode ele­
ment areas of 0.07 mm2 and anode-cathode 
spacings of 0.75 mm. Rg may then be 
approximately 1.1 M ohm. 125
The carbon may be in the form of “carbon 
black”, so-called “baked carbon”, colloidal 
graphite, with potassium or sodium silicate, 
or so-called carbon “paper” (available under 
the Registered Trade Mark “Papycx”). It 130
«•
1 ,4 7 3 ,8 4 9
may be present as an admixture with par­
ticles of a semiconductor such as silicon 
• carbide or boron carbide, or an insulator 
such as alumina or glass powder.
5 T he carbon may be in the form of a coat­
ing or layer on a substrate comprising an 
electrically insulating material. If this is the 
case the coating or layer forming the surface 
of each cathode element of a group is pre- 
10 ferably electrically connected to the other
coatings or layers of that group by a further 
conductive material, such as a metal pro­
vided on said insulating material. If the coat­
ing or layer overlies the further conductive 
15 material the coating or layer should be as
thick as possible (consistent with good 
adhesion) to extend the life of the device. 
(Material is inevitably sputtered off in opera­
tion and it will be realised that immediately 
20 any part of the metal is exposed the effect
of the provision of the carbon will be lost 
V' •and Rg will drop drastically, possibly re-
• suiting in destruction of the device). A 
method of providing a fairly 'thick' coating
25 or layer on a substrate is described and
claimed in Patent Specification 1,473,850 
(Copending Application 29479/74).
; Embodiments of the invention will now be 
described, by way of example with reference 
30 . to the diagrammatic drawings accompanying
• the Provisional Specification and to the 
accompanying diagrammatic drawing in 
which;
Figure 1 shows glow-discbarge current- 
35 voltage characteristics,
Figure 2 is a plan view of part of a first 
glow discharge display tube;
Figure 3 is a perspective view of a trans­
verse section of the part of Figure 2 taken 
40 on the line HI— III, together with a viewing
window;
Figure 4  is a longitudinal section of the 
part shown in Figure 2 taken on the line 
IV—IV together with a viewing window; 
45 Figure 5 shows separate parts of a second 
glow-discharge display tube; and
Figure 6 is an exploded view of a third 
glow-discharge display tube.
In Figure 1 curve A is the current i  
50 versus voltage V  characteristic of one con­
ventional glow-discharge path employing 
pure metal electrodes. It will be seen that 
the current initially increases slowly with 
voltage but eventually a point is reached 
55 beyond which the characteristic has a por­
tion of negative slope. This point is the strik­
ing potential Vs of the path and, when it is 
|ust exceeded, the current increases rapidly 
until (in the absence of a current-limiting 
60 resistor) it reaches a point (not shown) on
die slowly rising right-hand part of the curve 
which corresponds to the applied voltage Vs. 
Because the right-hand part of the curve has 
_ such a shallow slope the final current will be
large and may result in destruction of the by.
device by an arc discharge.
Curve B, which may be obtained in a 
device according to the invention, corres­
ponds to curve A at low currents but, in the 
region beyond the region of negative slope, 70 
it has a steeper slope than curve A, for 
example two to ten times the slope of curve 
A. Thus, if the discharge path has the 
characteristic denoted by curve B then when 
the striking potential Vs is just exceeded, 75 
the current will only increase to a value i„„ 
which is much lower than the current cor­
responding to Vs on the right-hand part of 
the curve A. This lower current need not ■*
result in damage to the device. 80
Vm denotes the minimum maintaining 
potential of the path, once a discharge has 
been struck. The maintaining potential cor­
responding to i„, for curve B is Vs.
In Figures 2  to 4- a block 1 of electrically 85
insulating material, for example that available 
under the Registered Trade Mark “Fusite 
K ” has been moulded around a set of 
cathode substrate strips 2 which are led 
through the sides of the block 1 in a vacuum 90
tight manner. The upper surface of each . 
substrate strip 2 is completely coated with a 
layer 12 of finely divided carbon, which may 
be 50 nm to 100 /<m thick, except where the 
strips 2 pass through the side wall of the 95 
block 1 and also where they are exposed 
external to i t  The particles of carbon have 
diameters in the range 0.01 »<m to 10 ,«m.
Said layers 12 may be provided by spraying 
colloidal graphite with potassium or sodium 100
silicate in a suitable liquid vehicle (obtain­
able under -the Registered Trade Mark 
"Dag”) onto the substrates through a 
suitable mask using compressed air. After 
spraying the layers are baked in vacuo, for 105
example at 1000°C. The top face of the 
block 1 is provided with an array of cavities 
3 which extend downwards as far as the 
coated strips 2. T hus a physically separate ; 
cathode surface is formed by the coated part 110
of each strip 2 exposed at the closed end 
of each cavity. The cathode substrate strips 
may be made of a nickel/cobalt/iron alloy 
available under the Registered Trade Mark 
"Kovar”. IIS
The top face of the block 1 is . provided 
with a set of parallel ridges 4 which extend 
in the length direction of the block 1 so as to 
form channels linking parallel rows of 
cavities 3. The cavities 3 are divided into 130
parallel columns by grooves 5 provided in 
the top face of the block. These ridges and 
grooves can prevent sputtered material from 
the coated strip at the boitoni of a cavity 
from forming a leakage path between one 125
cavity and the next. Further con fed cathode 
substrate strips 6 which arc similar to the 
strips 2 are provided at each end of the 
array. The whole of these coated strips 6 is
4 1 ,4 7 3 ,8 4 9 4
exposed except where an (uncoated) part 
thereof passes through the wall of the block 
1.
A transparent viewing window plate 9  
5 (Figures 3 and 4) rests on the top of the
ridges 4. This window may be made of 
material available under the trade name 
“Sovirel 805.51” and carries a set of parallel 
anode wires 10 moulded into the lower face 
10 thereof. These wires 10 are aligned with the
rows of cavities 3 so that an anode element 
faces each cavity and hence each cathode 
element. The wires are led through the sides- 
of the window 9 in a vacuum-tight manner. 
15 They form a cross-bar addressing system
for the resulting array of glow-discharge 
paths in conjunction with the cathode sub­
strate strips 2. The window 9 is sealed all 
round to the block 1 as at 11 in a vacuum- 
20 tight manner. The anode wires 10 may be
made of the aforesaid alloy available under 
the Registered Trade Mark “Kovar”.
It m il be seen from Figure 4  that the 
top face of the block 1 is provided with a 
25 step at each end. The auxiliary cathode sub­
strate strips 6 lie on the face of this step 
.• and are' consequently situated substantially
in the same plane as are the substrate strips 
. 2  and are thus each in a further channel
30 extending in the column direction. The
channels formed between the ridges 4 open 
into these further channels, all channels 
being closed by the plate 9 to form ducts. 
Figure 4 also shows one anode wire 10.
35 In a practical embodiment the cavities 3
- were disposed, in 8 x  50 rectangular -array.
Each cavity was 0.75 mm square and the 
. spacing between the cathode element surface 
12 at the bottom of each cavity and the cor- 
40 responding anode wire was 1.25 mm. The
—  cavity depth was 0.75 mm and the ridges 4
■ \ -were 0.6 mm high. The cavities were 1.5 mm
between centres. The anode wires were in 
the form of strips 0.3 mm wide and 0.1 
45 m m  thick. The grooves 5 were 0.25 mm
deep.
: After closure the interior of the mbe was
evacuated through an exhaust tube (not 
shown) and was filled with a gas atmosphere 
50 of, for example, pure neon at 40—60 Torr.
. The complete tube was then aged by 
... . applying an operating potential of 350 volts
between each cathode and anode element for 
a short time.
55 The subsequent application of an operat­
ing potential of at least 280 V across each 
discharge path was found to result in the 
generation of optical radiation from the 
negative-glow region in the resulting glow- 
60 discharge, the positive column part of the
discharge being substantially or completely 
“ suppressed. The current-voltage charac- 
: teristic of each discharge path was sub­
stantially as curve B or Figure 1, i,„ being 
65 approximately 100 uA.
In operation a steady d.c. bias lying mid­
way between Vm and Vs was applied be­
tween all the anode wires 10 and cathode 
substrate strips 2, and selected glow dis­
charge paths in the cavities 3 were sue- 70
cessively addressed by simultaneously apply­
ing a positive pulse to the corresponding 
anode wire 10 and an equal-value 
negative pulse to the corresponding cathode 
substrate strip 2, these pulses being 75
of sufficient amplitude so that the striking 
potential Vs in the selected paths was just 
exceeded. Because of the current-voltage 
characteristics of each path, a discharge con­
tinued therein, once it has been addressed, 80
until the potential across it was reduced 
below Vm by the application of pulses of 
opposite polarity to the corresponding anode 
wire 10 and substrate strip 2. A discharge 
was maintained to the cathode substrate 85
strips 6 continuously and it was found that 
these continuous discharges gave rise to
sufficient ionisation throughout the whole of 
the tube to prime the addressed discharge 
paths in the cavities 3.
Figure 5 shows an exploded view of a 
second glow-discharge display device which 
comprises an electrically insulating cathode 
substrate plate 13, an electrically insulating 
apertured intermediate plate 14 made, for 95
example, from aluminium sheet which has 
been anodised to give' it an electrically in­
sulating skin, a spacer 15 into which plate 
14 is located and an electrically insulating 
transparent viewing window plate . 16.. *0Q
■ The apertures 18 in the plate 14 are
arranged in a rectangular array and a cathode 
element rectangle 17 of finely divided carbon 
is situated on the subsume 13 in register 
with each. The cathode rectangles of each *05
row are electrically interconnected by means 
of a metal strip 19 offset from the apertures. 
Electrically conductive anode strips 20 are 
provided on the underside of the anode •
plate 16, a strip 20 being in register with *
each column of apertures 18. The strips 19 
and 20 thus form a cross-bar addressing 
system for an array of glow-discharge paths 
each defined by a cathode element 17, an ■ _
aperture 18, and the surface element of an * * 5
anode strip 20 which faces that aperture 18.
The components 17 and 19 may be pro­
vided on the substrate 13 by first screen 
printing the strips 19 (which may be of 
silver) and ‘ then spraying on the cathode 
rectangle 17 in the form of colloidal graphite 
with potassium or sodium silicate in a suit­
able liquid vehicle through a suitable mask 
in a manner similar to that described for 
the layer 12 in the device of Figures 2—4, ‘-5
the material of each rectangle 17 being for 
example 25 jum to 100 /mi thick and posi­
tioned so that it overlaps rhe corresponding 
strip 19 slightly and thus electrically contacts . 
it. Alternatively the carbon can be made ‘ -
5 1 ,4 7 3 ,8 4 9 5
into a suitable ink and screen-printed in 
position by standard thick-film techniques. 
After the provision of the rectangle 17 the 
substrate is baked, for example at 500°C.
5 The anode strips 20 may also be silver, 
screen-printed onto the window plate 16.
The plate 14 may be 0.6 mm— 1.2 mm 
thick, the spacer 15 being 25—50 «m thicker 
than plate 14 to give a small gap between 
10 plate 14 and window 16. The apertures 18
may be 300 pm in diameter. The widths
of anode strips 20 should preferably not 
exceed 150 jum, in order that they should 
not unduly obscure any glow-aischarge 
15 occurring in the underlying apertures 18 in 
operation.
After provision of die various layers 17, 
19, 20 the peripheries of the components 13, 
15 and 16 (which may all be of glass) are 
20 sealed together in a vacuum-tight manner by 
means of a solder glass, and the interior 
evacuated through a pump stem (not shown) 
and filled with a glow-discharge atmosphere 
such as pure neon at 40—-100 Torr. The
25 resulting array of glow-discharge paths again
had a voltage-current characteristic similar 
to  curve B in Figure 1.
T he plates 13 and 16 may be slightly 
larger than the plate 14 and spacer 15 in 
30 order to facilitate electrical connection from 
an external circuit to the strips 19 and 20.
. T h e spacer 15 may be dispensed with if
protuberances of, for example,' insulating 
material are provided on the window 16 or 
35 plate 14 in order to give the required small
gap between them.
Figure 6 is an exploded view of a third 
 ^ glow-discharge display tube which is in most
respects similar to the tube shown in Figure 
40  5. Corresponding components have therefore
been given the same reference numerals in 
die two Figures.
T h e tube of Figure 6 differs from that of 
Figure 5 in that the cathode element rect- 
45 angles 17 of Figure 5 have been replaced by
strips 21 of the same material, these strips 
each covering the whole of a metal strip 19 
except for a portion at each end thereof 
which is left uncovered to facilitate electrical 
50 connection to an external circuit. Each com­
posite strip 19, 21 is aligned with a row of 
apertures IS so that when plate 14 is posi­
tioned on plate 13 an elemental area of a 
strip 21 is exposed in each aperture and is 
55 physically separated from the other exposed
elemental areas of that strip by the plate 14 
contacting those parts of the strip which 
extend between those elemental areas. The 
strips 19, 21 may be provided on the plate 
60 13 by a method described and claimed in the
aforesaid Patent Specification 1,473,850 
(Copending Application 29479/74).
T he strips 19 may be 127 u m  wide and 
at a pitch of 635 u m , and the strips 21 may 
65 be 508 um wide and 20 um thick. Otherwise
the dimensions of the various components 
may be the same as those of the correspond­
ing components of the tube of Figure 5.
Although the anode and cathode elements 
in the embodiments described have been 70 
arranged in rows and columns, it will be 
evident that other forms of co-ordinate array 
may alternatively be used. For example a 
polar array may be employed with die inter­
connected cathode elements lying on con-  75 
centric circles and the interconnected anodc 
dements lying on radii of these circles.
In each of the described embodiments the 
carbon of the layers 12, 17 or 21 may be 
present as an admixture with particles of a 80 
semiconductor or insulator such as silicon 
carbide or boron carbide, or an insulator 
such as alumina or glass powder.
W HAT WE CLAIM I S :—
1. An electrical glow-discharge display 85
device comprising an array of glow-discharge 
cathode elements and an anode element 
adjacent each cathode element for co-operat­
ing therewith to define an array of direct 
current glow-discharge paths through a gas 90
atmosphere contained in said device, the 
cathode elements being electrically intercon­
nected in groups, as are the anode elements,
so that an addressing system exists for said 
paths, the surfaces of the elements of each 95
cathode group which contact said atmosphere 
being physically separate from each other and 
comprising carbon.
2 . A device as claimed in Claim 1, where­
in  the carbon is in finely divided form. 100
3. A device as claimed in Claim 2  where­
in the particles of carbon have diameters 
lying in the range 0.01 /un to 10 /un.
4. A device as claimed in Claim 2  or 
Claim 3, wherein the carbon is present as an 105 
admixture with particles of a semiconductor
or insulator.
5. A  device as claimed in Claim 1, 2, 3 
or 4, wherein the addressing system is a 
cross-bar addressing system, the cathode and 110 
anode elements being arranged in rows and 
columns with, the cathode element groups 
each consisting of a column or row of 
cathode elements and the anode element 
groups each consisting of a row or column of 115 
anode elements respectively.
. 6. A device as claimed in any preceding 
claim, wherein the cathode elements are 
formed by a coating or layer of carbon dis­
posed over a major surface of a plate com- 120 
prising an electrically insulating material.
• 7. A device as claimed in Claim 6, where­
in the interconnections between the cathode 
elements of the various groups comprise 
strips of electrically conductive material also 125 
provided on said major surface.
8. A device as claimed in Claim 7, where­
in the coating or layer of carbon is in the
form of strips which overlie said strips of 10. An electrical glow-di-ichargc display 
electrically conductive material. device substantially as described herein with 15
9 . A  device as claimed in any of Claims reference to Figures 2 to 4, Figure 5 or
6 to 8, including a further plate the surface Figure 6 of the drawings.
5 of which is electrically insulating, said 
further plate having an array of apertures 
therein corresponding with said array of 
glow-discharge paths, said further plate con­
tacting said major surface provided with the 
10 coating or layer of carbon so that an ele­
mental area of said coating or layer is ex­
posed in each aperture thereby defining the 
cathode elements.
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INTRODUCTION
The author has developed a theoretical model 
(Schofield (1), (2))which is able to exp 1 a in 
the major features of the electrical 
characteristics of gas discharge display cells 
using noble gas fillings. The impetus for 
this work has come from a need to design 
cells with the so-called 'memory' character­
istic Smith (3) . This requires eachcell
to have a sufficient self-impedance to limit 
its own current, I, when the voltage lies 
between the strike, Vs and the extinction Ve 
values. The theory has been extended to 
cover the 'restricted glow' condition, low 
current, and also includes a condition for 
the formation of an 'anode fall', necessary 
for the deeper cells.
Measurements have been made on display panels 
with screen printed graphite cathodes and with 
neon and xenon gas. Some other cathode 
materials have also been measured for 
comparison but only with neon. Results have 
been fitted to the theory to obtain five 
relevant constants. These are related to the 
cathode material, the gas and the cell 
geometry parameters. The constants are 
compared where possible with published data.
Optimisation of the panel design depends on 
satisfying the various criteria for its 
efficient operation, namely sufficient voltage 
margins for switching the cells on and off, 
low power consumption and a long and stable 
life. Quantitative values for these criteria 
may be computed from the theory, using the 
values obtained for the fitted constants, in 
order to help the designer decide where 
Improvements can be made. Optimum design 
appears to be a compromise -between these 
criteria since they cannot be fully satisfied 
together. Ultimately any design improvement 
will depend on the designer's judgement in 
his allocation of priorities.
THE THEORETICAL MODEL
The model is essentially that of Ward (4) for 
the calculation of the characteristics of the 
cathode fall, but the author has introduced 
two innovations. The first i6 a method for 
computing the rate of ionization, the Townsend 
a coefficient, when the electric field is not 
uniform. The second takes into account the 
ion-electron recombination at the cells walls 
(1). For the sake of completeness these 
modifications will be briefly explained here.
Ionization rate in a non-uniform field. 
Previous calculations ((A) , Lucas (5))assume 
that a has the same value as is measured in 
that uniform field which equals the 
instantaneous field (dV/dx). Here V is the 
voltage a distance x from the cathode. Were 
this assumption true it is possible to show 
(1) that the value of Ve can never fall below 
the minimum value of Vs, whereas in fact it
tends to a value some 40% lower as the pres­
sure rises. To account for this the author 
has proposed that (V/x), the averaged field 
experienced from the cathode is more appropr­
iate for determining the instantaneous value 
of a. This is consistent with some Monte 
Carlo calculations (Ngoc et al (6)). Ward's 
empirical relationship for a in the noble 
gases is rewritten then as:
f  = O c x b  ( - / § ! * )  »>
G and C are Uard's constants, see table 1; 
with p the gas pressure referred to 0°C, since 
it is density, not pressure oh which a depends.
Recombination at the cells walls. Since the 
walls are insulating they will reach a 
potential which ensures that they collect 
equal electron and ion current. This loss of 
current is an effective reduction in a. It is 
by a constant amount if we assume there is no 
variation of axial current in the radial 
direction. It depends on the amount of 
axial current scattered into the radial 
direction which is ultimately lost to the 
walls. If the loss is proportional to the 
ratio of wall area to cross section area we 
obtain an effective ionization rate ot' given
where k is a wall recombination constant and b 
is the bore diameter of the cell.
The self-sustaining condition. This combines 
these modifications as follows
K = & Yff) .'inhere Ye*)-  f tt! (he (3)
o
Here y ,  the secondary emission coefficient, 
includes all the processes occurring at the 
cathode by photons, ions and metastable 
atoms. They are assumed to depend linearly on 
the total current flowing so that K is a 
cathode constant. f is the distance from the 
cathode to the edge of the cathode fall (i.e. 
where (dV/dx) = 0 ) .
For x>f, the negative glow, a plasma develops 
which reaches a density at which ions are lost 
to the walls at the same rate as they are 
produced. The voltage, however, cannot fall 
below a value which satisfies the condition 
ex' * 0. For the larger values of pd an 'anode 
fall' voltage, V(d), is necessary to satisfy 
the condition. This must be included to 
obtain the full V(I) characteristics.
V(i) = Vff) + v u )  w
d is the anode-cathode distance.
The V(I) characteristics. These are obtained 
following Lucas (5), with an approximate 
solution for the space-charge equation for 
the voltage distribution in terms of a shape 
exponent, S, such that
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v ( * ) =
(5)
At low currents space-charge is weak and 
f = d. This is the restricted glow. Space- 
charge is negligible for Vs and the field is 
uniform, therefore S = 1 ,  its minimum value. 
Otherwise l£S^Sm where
S m * t  + ( § ) [ ] Z e L f H < J ~ l < ]  (6>
Sm is a maximum value set mainly by the 
cathode material.
The other variables depend on the reduced 
field parameter n , .I V(f) o>
c f>f
When the glow is unrestricted, f<d, similar 
Curves are obtained with equal values of the 
Pressure-bo re parameter, P.
M e r e  ±
The power, IV, heats the gas reducing its 
density in the cathode fall. It appears as 
a more fundamental variable than the current 
alone. , %  ^
(9)v  j x - k
F i(S„)
where
and
e i s )  =  ' s H s - 0
t Q is the dielectric constant of free space 
and p + the ion mobility. D(K) is the cathode 
dissipation function, see figure 2.
T \ f l s \  t i S m ) — ( 10)
X>CK)- / _ c x ^ ( - K )
h is the heating factor. Assuming the rise in 
temperature of the cathode fall is proport­
ional to W and yet a function of n only, then 
we obtain i s
&■= I -i- E. p i
where E is a constant to be experimentally 
de te rmined.
Finally, the self-sustaining equation (3) 
reduces to
( 1 1 )
luc  - |
A . +  p'L  f /
f f
where A = K/C- and
( 1 2 )
= x/f
E X P E R I M E N T A L  R E S U L T S
The constants A, B, C, E and F may be deter­
mined by fitting this theory to experimental 
curves using a FIetcher-Powe 11 algorithm 
N.A.G. Library (7) and the ICL 1904S 
computer. A typical result for neon is 
illustrated in figure 1. Some of the const­
ants obtained this way are compared with 
Ward's published values in table 1.
The cathode dissipation factor D has been 
measured for a number of different materials 
in neon. The results are illustrated in 
figure 2. It appears there is not much to 
be gained by using materials with K greater 
than that for carbon since although the 
current goes down the voltage rises 
unacceptably and there is no appreciable 
reduction in power consumption.
DESIGN CONSIDERATIONS
Switching voltage margins. In panel design 
the spread in cell-to-cell characteristics 
is of paramount importance. The critical 
parameter in P is the cell bore,-which may 
vary in effective size not only due to 
manufacturing tolerances but also because 
of wall charging effects. It is estimated 
from the experimentally observed spreads 
that an absolute tolerance of about 10 mic­
rons is achieved on the effective bore. The 
gas density variations also affect P but 
are to some extent offset by the 'pumping' 
action of the ions on the gas into the 
cathode fall. This is attributable to 
momentum transfer by charge exchanging 
collisions Holmes (8). It is more signif­
icant in the heavier gases such as xenon.
It is thought to be responsible for failures 
by arcing, to which panels filled with this 
gas are prone. As a rule an equal margin 
in voltage has been allowed for the two 
quantities (3). The criterion for these 
considerations is shown in figure 3 for neon? 
The fitted values have been used to plot 
voltage gap available, V q , between the max­
imum of Ve and the minimum of Vs and compare 
it with power consumption at the equivalent 
working voltage point for different cell 
sizes. To switch a complete panel correctly 
a Vq a /50 volts is required. This may be 
achieved at a minimum power of ^7.5 mW/cell 
using cells of 210pm bore, 235pm deep and a 
pressure of neon of 12 kPa.
Cathode sputtering and life. The length of 
panel life is another important parameter. 
Although this may only be properly evaluated- 
through practical use, yet from the designer^ 
standpoint some contributing factors may be 
foreseen. Sputtering of the cathode surface 
appears as the most frequent cause of panel 
failure in neon. According to Stocker (9) 
it increases as a power of (41/trb^p), i.e. 
current density per unit pressure. Figure 4 
shows a plot of this quantity for the same 
conditions as shown in figure 3. This 
sputter parameter is shown to have a narrow 
minimum at the pressure which gives the 
minimum power consumption hut this minimum 
value has a locus which itself increases 
rapidly as the cell bore is red need, below 
'v320pm diameter.
DISCUSSION
Clearly an optimum design depends on a 
compromise between the life and power diss­
ipation, which is ultimately a matter for
TABLE 1 - Comparison of Published Data with. Experimentally Filled Curves
Gas
Quantity 
S.I. Units
A
N/m
B
N/m
C
V.m/N
E p+
(N.m/V)^sec *
C
m/N
Measured 0.84 0.089 176 . 0.14 390
•
Published 0.70 - 217 200 6.15
Measured 0.14 0.043 974
1O00 22 -
Xenon Published - - 977 - 46 47.6
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the designer's judgement. A limited amount of 
gas heating in the cathode fall is desirable 
in order to stabilize against the arc insta­
bility, the mechanism of which is only partly 
understood. The heating factor E for xenon 
is found to be negligibly small and, in the 
light of available evidence, any improvement 
in power consumption achieved by the use of 
this gas in DC storage'panels seems to be off­
set by the much greater probability of cata­
strophic failure due to arcing.
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THE PHYSICS OF GAS DISCHARGE DISPLAY CELLS
J..M.S.  S c h o f i e l d ,  M il l i a rd  R e s e a r c h  L a b o r a t o r i e s  
R e d h i l l ,  S u r r e y ,  E n g la nd
A b s t r a c t  A new t h e o r y  i s  p r o p o s e d  and compared w i t h  e x p e r i m e n t  f o r  a neon 
glow d i s c h a r g e  o p e r a t i n g  w i t h i n  t h e  c e l l s  o f  a t y p i c a l  d i s p l a y  p a n e l .  Reas­
o n a b le  a g re e m e n t  w i t h  t h e o r y  i s  o b t a i n e d  by u s i n g  an a v e ra g e d  f i e l d  t o  
i n d i c a t e  t h e  i n s t a n t a f l e o u s  v a l u e  o f  t h e  i o n i z a t i o n  c o e f f i c i e n t  which  i s  
a p p r o p r i a t e  f o r  t h e  n o n - u n i f o r m  f i e l d  r e g i o n  o f  t h e  c a th o d e  f a l l .  I t  i s  
a l s o  n e c e s s a r y  t o  a l l o w  f o r  r e c o m b i n a t i o n  a t  t h e  c e l l  w a l l s  and a r e d u c t i o n  
i n  gas  d e n s i t y  due to  t h e  h e a t  d i s s i p a t e d  i n  t h e  c a th o d e  f a l l .
INTRODUCTION
P r e v i o u s  c a l c u l a t i o n s  f o r  t h e  c h a r a c t e r i s t i c s  o f  t h e  c a th o d e  f a l l  o f  t h e  
glow d i s c h a r g e  G )  ( 2 ) # assume t h a t  t h e  i o n i z a t i o n  c o e f f i c i e n t  a t  any p o i n t  
i s  e q u a l  t o  t h e  v a l u e  as  m ea su red  i n  a  u n i f o r m  f i e l d  c o r r e s p o n d i n g  t o  t h e  
f i e l d  (dV/dx)  a t  t h a t  p o i n t .  When t h e  c u r r e n t  d e n s i t y  i s  r e l a t i v e l y  h i g h  
and t h e  f i e l d  i s  n o t  u n i f o r m  as  a t  e x t i n c t i o n ,  t h i s  a s s u m p t io n  r e s u l t s  i n  
c a l c u l a t e d  v a l u e s  some 40% too  h i g h .
The a u t h o r  (3) h a s  p r e v i o u s l y  shown how t h e  i n f l u e n c e  o f  t h e  c e l l  w a l l s  may 
be i n c l u d e d  i n  t h e  c a l c u l a t i o n  o f  t h e  breakdown v o l t a g e  by t a k i n g  i n t o  
a c c o u n t  a w a l l  r e c o m b i n a t i o n  l o s s  t e rm  i n  t h e  s e l f - s u s t a i n i n g  e q u a t i o n .
The a u t h o r  now s u g g e s t s  an a l t e r n a t i v e  method f o r  c om put ing  t h e  i o n i z a t i o n  
c o e f f i c i e n t  a  f o r  n o n - u n i f o r m  f i e l d s  b a s e d  on t h e  p r e m i s e  t h a t  i t  i s  
( V / x ) , t h e  a v e r a g e d  f i e l d  e x p e r i e n c e d  f ro m  t h e  c a t h o d e  which  i s  more 
a p p r o p r i a t e  f o r  d e t e r m i n i n g  th e  i n s t a n t a n e o u s  v a l u e  o f  a. T h i s  i s  
c o n s i s t e n t  w i t h  r e c e n t  M o n te - C a r lo  c a l c u l a t i o n s  r e p o r t e d  by Ngoc e t  a l
The c a l c u l a t i o n s  have  t h e r e f o r e  been  r e p e a t e d  w i t h  t h e s e  m o d i f i c a t i o n s  w i t h  
a view t o  o p t i m i s i n g  t h e  c h a r a c t e r i s t i c s  o f  a  gas  d i s c h a r g e  d i s p l a y  p a n e l  
f i l l e d  w i t h  neon .  The r u n n i n g  c h a r a c t e r i s t i c s  however  d i v e r g e  from t h e o r y  
as  the  c u r r e n t  i n c r e a s e s  u n l e s s  a c c o u n t  i s  a l s o  t a k e n  o f  t h e  r e d u c t i o n  i n  
gas  d e n s i t y  i n  t h e  c a th o d e  f a l l  due t o  t h e  h e a t  d i s s i p a t e d  t h e r e .
METHOD OF CALCULATION
The i o n i z a t i o n  c o e f f i c i e n t  i s  w r i t t e n  i n  t e rm s  o f  t h e  v o l t a g e  V d i s t a n c e  x 
from t h e  c a th o d e  as  ^
oC =  C p  -esocf> - ( t f ' p X -  / v ^  (1)
. ( 1 )p i s  t h e  gas  p r e s s u r e  and C and D a r e  Ward’ s c o n s t a n t s  f o r  t h e  g a s .
The s e l f  s u s t a i n i n g  c o n d i t i o n  i n c l u d i n g  r e c o m b i n a t i o n  becomes :
w k e r e  ytx) ( 2 )
K = I n  ( 1 + 1/Y) i s  t h e  c a th o d e  m a t e r i a l  c o n s t a n t ,  y  b e i n g  t h e  s e c o n d a r y  
e m i s s i o n  c o e f f i c i e n t .  F o r  t h e  g r a p h i t e  c a th o d e  i n  t h e  d i s p l a y  p a n e l  
K - 4 . 0 .  b i s  t h e  c e l l  b o r e  and k a w a l l  r e c o m b i n a t i o n  c o n s t a n t ,  k -  1 . 5 .
E q u a t i o n s  (1) and (2) d e t e r m i n e  t h e  o v e r a l l  v o l t a g e  when t h e  v a l u e  o f  f the  
c a th o d e  f a l l  d i s t a n c e  and t h e  v o l t a g e  d i s t r i b u t i o n  a r e  known. F o r  t h e  
s t r i k e  v o l t a g e  Vs , f  = d ,  t h e  d e p th  o f  t h e  c e l l ,  and th e  f i e l d  i s  c o n s t a n t  
and e q u a l  t o  (Vs /d )  s i n c e  t h e  c u r r e n t  i  i s  v e r y  s m a l l .  At  h i g h e r  c u r r e n t s  
t h e  i o n  s p a c e - c h a r g e  d i s t o r t s  t h e  f i e l d ,  s e e  f i g u r e  1 and t h e  P o i s s o n -  
M o b i l i t y  e q u a t i o n  i s  u s e d  t o  d e t e r m i n e  f  i n  t e rm s  o f  c u r r e n t  and v o l t a g e :
(■£■¥{' <3>
e Q i s  t h e  d i e l e c t r i c  c o n s t a n t ,  yu. t h e  i o n  m o b i l i t y  and E «= dV/dx t h e  f i e l d .
(2) .F o l lo w in g  Lucas we lo o k  f o r  a p p ro x i m a t e  s o l u t i o n s  o f  t h e  v o l t a g e
d i s t r i b u t i o n  u s i n g  t h e  form:
V(x) -  Ki 0  ~ )
Vi i s  t h e  o v e r a l l  r u n n in g  v o l t a g e  and s i s  a  shape  f a c t o r  which  can be 
shown t o  be a lm o s t  e n t i r e l y  a f u n c t i o n  o f  K. Thus s can be a p p r o x i m a t e d  by 
i t s  v a l u e  f o r  c o n s t a n t  i o n i z a t i o n :
(5)
At t h i s  p o i n t  i t  i s  c o n v e n i e n t  t o  n o r m a l i s e  v a l u e s  w i t h  t h e  f o l l o w i n g  
s c a l e s  f o r  v o l t a g e ,  c u r r e n t  and p r e s s u r e  x l e n g t h  ( a s  d e n o te d  by t h e  
s u b s c r i p t  o) o f  r e s p e c t i v e l y :  3
_  K .  (6)  
C
 N
* - 3 *  ; i = -  t  ■ H-
For  a g r a p h i t e  c a th o d e  i n  neon  VQ -  123 v o l t s ,  I Q -  2 .3 yA, HQ -  0 . 5  cm t o r r  
The n o r m a l i s e d  q u a n t i t i e s  a r e  p a r a m e t r i c  i n  t h e  r e d u c e d  f i e l d  =/ ^ £j r
. ' . v - H i j  ; i v  = P Y a ; ' / *  ^ (7)
P i s  a n o r m a l i s e d  p r e s s u r e ,  P = Cpb and Fg (r|) i s  an i n t e g r a l  d e f i n e d  b e lo w .
k
S p e c i a l  Cases  The s t r i k e  and e x t i n c t i o n  q u a n t i t i e s  a r e  s p e c i a l  c a s e s .
For  i n s t a n c e  f o r  the  e x t i n c t i o n  q u a n t i t i e s  V , I  t h e  c o n d i t i o n / d V j  = q
e e U n j p
i s  u s e d .  However ,  i n  t h e  r e s t r i c t e d  glow f  = d l i m i t s  t h e  l o w e s t  a t t a i n a b l e  
v a l u e  o f  V.
THE EFFECT OF HEAT DISSIPATION
I f  t h e  r i s e  i n  t e m p e r a t u r e  i s  t a k e n  as  p r o p o r t i o n a l  t o  t h e  r a t e  o f  h e a t i n g  
IV g i v e n  by e q u a t i o n  (7) t h e n  we may r e p l a c e  p i n  t h e  f o r m u la  f o r  t h e  
i o n i z a t i o n  c o e f f i c i e n t  by an  e f f e c t i v e  p r e s s u r e  rp  where  t h e  r e d u c t i o n  
f a c t o r  r  i s  g i v e n  by:
r f y )  =((■*■ m i f * )  1 (8)
m i s  a  c o n s t a n t  d e p e n d in g  on t h e  a m b ie n t  t e m p e r a t u r e  and t h e  c o o l i n g  
mechanism.  We f i n d  e x p e r i m e n t a l l y  m -  0 . 3 .  U s ing  e q u a t i o n  (8) t h e  
i n t e g r a l  Fs (H) i s  shown t o  become
F s ( l )  = "  ^  &)
T h i s  c o m p l e t e s  t h e  s e t  o f  c h a r a c t e r i s t i c  e q u a t i o n s  ( 7 ) .
COMPARISON OF THEORY AND EXPERIMENT
The a n a l y s i s  p r e d i c t s  t h a t  t h e  r u n n i n g  c h a r a c t e r i s t i c s  s h o u ld  depend  on P 
o n l y ,  e x c e p t  i n  t h e  r e s t r i c t e d  glow.  F i g u r e  2 shows a c o m p a r i s o n  o f  
e x p e r i m e n t a l  and t h e o r e t i c a l  c h a r a c t e r i s t i c s  f o r  c e l l s  w i t h  d i f f e r e n t  a s p e c t  
r a t i o s  ( d /b )  t a k e n  a t  t h e  same P v a l u e s .  As t h e  c u r r e n t  i n c r e a s e s  above 
t h e  e x t i n c t i o n  v a l u e  I e t h e  c u r v e s  f o r  d i f f e r e n t  a s p e c t  r a t i o s  d i v e r g e .
We a t t r i b u t e  t h i s  to  t h e  e f f e c t  o f  w a l l  c o o l i n g  which  has  n o t  y e t  b e e n  f u l l y  
a n a l y s e d .
THE STORAGE DISPLAY PANEL
The t h e o r y  has  b e e n  a p p l i e d  t o  a d . c .  s t o r a g e  d i s p l a y  p a n e l  whereby  s t o r a g e  
has  been  o b t a i n e d  by c h o i c e  o f  t h e  d i s c h a r g e  p a r a m e t e r s  r a t h e r  t h a n  by 
u s i n g  an impedance e x t e r n a l  t o  t h e  d i s c h a r g e  as  i n  c o m p e t i t i v e  d e s i g n s .  Of 
paramount  i m p o r t a n c e  i s  t h e  c a t h o d e  m a t e r i a l ,  which  i s  g r a p h i t e  a p p l i e d  by 
a s c r e e n  p r i n t i n g  t e c h n i q u e .  Th i s  a l l o w s  f o r  a  s i m p l e  c o n s t r u c t i o n  which  
can  be  d r i v e n  by cheap c i r c u i t s .
I m p o r t a n t  Requ i rem en t  f o r  S t o r a g e  The p a r a m e t e r s  which  a r e  i m p o r t a n t  t o  
t h e  o p e r a t i o n  o f  a gas  d i s c h a r g e  d i s p l a y  p a n e l  w i t h  i n h e r e n t  s t o r a g e  a r e  
Vs , Ve and t h e  power d i s s i p a t e d  a t  t h e  r u n n i n g  v o l t a g e .  I n  o r d e r  t o  s w i t c h  
a whole p a n e l , c o r r e c t l y  where  t h e r e  i s  a s p r e a d  i n  c h a r a c t e r i s t i c s  f rom 
c e l l  to  c e l l ,  a s u f f i c i e n t  v o l t a g e  gap V q  must  be  m a i n t a i n e d  b e tw e e n  t h e  
minimum Vs and t h e  maximum V0 (^50 v o l t s ) . At t h e  same t im e  t h e  power 
d i s s i p a t i o n  W m ust  be s m a l l .  I t  i s  known t h a t  t h i s  gap i n c r e a s e s  w i t h  
p r e s s u r e  b u t  so too  does  t h e  power d i s s i p a t i o n .  The t h e o r y  p r e d i c t s  t h a t  a 
s u i t a b l e  c h o i c e  o f  geometry s h o u ld  a l l o w  a s u f f i c i e n t  gap a t  n e a r  minimum 
power d i s s i p a t i o n .  F i g u r e  3 shows Vq p l o t t e d  ^ g a in s t  W f o r  d i f f e r e n t  v a l u e s  
o f  t h e  a s p e c t  r a t i o  G = ( k d / K b ) . However ,  t h e  power d i s s i p a t i o n  a t  the  
minimum i s  on ly  s u f f i c i e n t l y  low i f  t h e  K v a l u e  o f  t h e  c a t h o d e  m a t e r i a l  i s  
g r e a t  enough .  The r e l a t i v e  d i s s i p a t i o n  f o r  d i f f e r e n t  m a t e r i a l s  i s  shown 
i n  F i g u r e  4.
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THE STRIKE AND EXTINCTION VOLTAGES OF GAS DISCHARGE DISPLAY CELLS
J .M .S .  S c h o f i e l d
I n t r o d u c t i o n :
In r e c e n t  y e a r s  i n t e r e s t  i n  t h e  c o l d - c a t h o d e  glow d i s c h a r g e  i n  ne on  has  
r e v i v e d ,  b e c a u s e  o f  i t s  u se  i n  p l a s m a  d i s p l a y  p a n e l s .  I n  t h e  d . c .  p a n e l  
the  r e l a t i o n s h i p  b e tw een  t h e  s t r i k e  v o l t a g e ,  Vs , and t h e  e x t i n c t i o n  v o l t a g e ,  
Ve , o f  t h e  i n d i v i d u a l  c e l l s  i s  i m p o r t a n t  i n  r e l a t i o n  t o  t h e  d r i v e  c i r c u i t P - X  
I t  i s  p a r t i c u l a r l y  i m p o r t a n t  t o  u n d e r s t a n d  how f a c t o r s  such  as  t h e  c e l l  
geometry and gas p r e s s u r e ,  p ,  a f f e c t  t h e s e  v o l t a g e s  and u s i n g  e x i s t i n g  
t h e o r i e s  and d a t a  an a t t e m p t  h a s  b e e n  made to  p r e d i c t  t h e i r  v a l u e s  f o r  t h e  
l a b o r a t o r y  p a n e l s .
The b a s i c  p r i n c i p l e  which  a p p l i e s  t o  b o t h  v o l t a g e s  i s  t h e  Townsend s e l f -  
s u s t a i n i n g  c o n d i t i o n  w h ic h ,  s im p l y  s t a t e d ,  i s  t h a t  ’ f o r  e a c h  o r i g i n a l  
c a th o d e  e l e c t r o n  which i s  c o l l e c t e d  by t h e  anode o r  t h e  c e l l  w a l l s ,  a n o t h e r  
e l e c t r o n  must be r e l e a s e d  from t h e  c a th o d e  by s e c o n d a r y  p r o c e s s e s 1 .
Seconda ry  e l e c t r o n s  can be  r e l e a s e d  by b a c k s t r e a m i n g  i o n s , p h o t o n s , o r  
m e t a s t a b l e  a tom s .  M a t h e m a t i c a l l y  t h e  c o n d i t i o n  may be  summarized  a s :
/  ^ a dx ■ = K . . . .  (1)J o
where a i s  t h e  c o e f f i c i e n t  o f  gas  i o n i s a t i o n  p e r  u n i t  d i s t a n c e  x m easu red  
from t h e  c a t h o d e ,  d i s  t h e  a n o d e - c a t h o d e  s e p a r a t i o n  and K i s  t h e  l o g a r i t h m  
of  t h e  n e c e s s a r y  m u l t i p l i c a t i o n  f o r  t h e  s e c o n d a r y  p r o c e s s e s  a s s o c i a t e d  w i t h  
t h e  p a r t i c u l a r  c o m b i n a t i o n  o f  gas  and c a th o d e  m a t e r i a l  u s e d .  K may be  
t a k e n  as  c o n s t a n t  w i t h  v a r i a t i o n s  i n  p r e s s u r e  and v o l t a g e  f o r  t h e  n o b l e  
g a s es  such  as  neon .
The S t r i k e  V o l t a g e
In t h e  s t r i k e  c o n d i t i o n  t h e  p o t e n t i a l  r i s e s  l i n e a r l y  f rom  t h e  c a t h o d e  to  
t h e  a node ,  s e e  f i g .  1. E q u a t i o n  1 may be  e v a l u a t e d  t a k i n g  a  c o n s t a n t  
a c c o r d i n g  to  t h e  known v a r i a t i o n  o f  a  f o r  a  c o n s t a n t  e l e c t r i c  f i e l d  E.
W a r d P )  g i v e s  t h i s  a s :
- D2d 1a = Cp exp . . . .  (2)
where C = 8 . 2  cm  ^ t o r r  ^ and D = 1 7 . 0  (V cm  ^ t o r r  f o r  ne on .
I t  ha s  been  p o s s i b l e  t o  p r e d i c t  Vs v a l u e s  c o r r e c t l y  by s o l v i n g  e q u a t i o n s  (1)  
and (2)  w i t h  (Vs /d )  s u b s t i t u t e d  f o r  E. C e l l  geomet ry  i s  t a k e n  i n t o  a c c o u n t  
i f  K i s  r e p l a c e d  by K4(K + k d / b )  f o r  c y l i n d r i c a l  c e l l s  o f  d e p t h  d and b o r e  
b.  Th is  m o d i f i c a t i o n  i s  r e a d i l y  e x p l a i n e d  i n  t e rm s  o f  t h e  r e c o m b i n a t i o n
J .M .S .  S c h o f i e l d  i s  w i t h  M u l l a rd  R e s e a r c h  L a b o r a t o r i e s ,  R e d h i l l .
c u r r e n t  o f  e l e c t r o n s  l o s t  t o  t h e  w a l l s ,  b e i n g  p r o p o r t i o n a l  t o  t h e  e l e c t r o n  
c u r r e n t  and t h e  r a t i o  o f  w a l l  t o  c r o s s  s e c t i o n a l  a r e a  w i t h  a p r o p o r t i o n a l  
c o n s t a n t  k .
T e s t  P a n e l s
A t e s t  p a n e l  such  as  t h a t  shown i n  f i g .  2 was used  t o  o b t a i n  a f a m i l y  o f  
e x p e r i m e n t a l  V ^ I )  c h a r a c t e r i s t i c s  a t  d i f f e r e n t  p r e s s u r e s .  Th is  p r o v i d e s  
a m a t r i x  .of  c e l l s  o f  12 d i f f e r e n t  d e p t h s  n o m i n a l l y  f rom  0 . 5  to  2 . 0  mm 
d e p t h  by 4 d i f f e r e n t  b o r e s  n o m i n a l l y  1 . 0 ,  0 . 7 ,  0 . 5  and 0 . 3  mm which  were 
u l t r a s o n i c a l l y  d r i l l e d  i n  t h e  wedge sha p ed  g l a s s  s p a c e r  p l a t e .  A c r o s s - b a r  
s y s t e m  o f  c a th o d e  and anode l i n e s  was l a r g e l y  s c r e e n  p r i n t e d  on to  t h e  g l a s s  
p l a t e s  u s i n g  c o n d u c t i v e  s i l v e r  i n k s .
E x p e r i m e n t a l  C h a r a c t e r i s t i c s
A t y p i c a l  f a m i l y  o f  c h a r a c t e r i s t i c s  f o r  a p a r t i c u l a r  c e l l  w i t h  d = 1 . 1 2  mm 
and b = 0 .325  mm i s  i l l u s t r a t e d  i n  f i g .  3. The v a l u e  o f  V^Cl) as  t h e  
c u r r e n t  I ,  t e n d s  t o  z e ro  g i v e s  t h e  v a l u e  Vs , and Ve i s  g i v e n  by t h e  
minimum v a l u e  o f  V ^ ( I ) .
In  t h i s  way Vs and Ve may be  t a b u l a t e d  and p l o t t e d  a g a i n s t  p as i n  f i g .  4. 
The t h e o r e t i c a l  c u rv e  f o r  Vg i s  a l s o  drawn i n  u s i n g  t h e  v a l u e s  K = 4 . 0  and 
k = 1 .6 8  t y p i c a |  o f  a l l  t h e  o t h e r  c e l l s ,  as  i s  t h e  v a l u e  o f  D = 14 .2 
[v cm- -*- t o r r “ l j  2 which  was n e c e s s a r y .  Th is  i s  16% lower t h a n  W ard 's  v a l u e .
From t h e  c h a r a c t e r i s t i c s  an e m p i r i c a l  r e l a t i o n s h i p  f o r  t h e  e x t i n c t i o n  
v o l t a g e  Ve h a s  been  found :
V
~  = 0 . 6 1  + -  0 .0 8 2  £  . . . .  (3)V pb bs r
T h is  has  a l s o  been  p l o t t e d  i n  f i g .  4.
A D i s c u s s i o n  on t h e  E x t i n c t i o n  V o l t a g e
E q u a t i o n  3 shows t h a t  p r o v i d e d  p i s  l a r g e  enough ,  Vg i s  a lways  l e s s  t h a n  Vs 
even  when Vs h a s  i t s  minimum p o s s i b l e  v a l u e .  Ward(2)  has  computed t h e  form 
o f  t h e  V ^ ( I )  c h a r a c t e r i s t i c s  and he nc e  Ve u s i n g  a g iv e n  by e q u a t i o n  2,  w i t h  
E t h e  i n s t a n t a n e o u s  f i e l d  a t  x. Due t o  p o s i t i v e  ion  s p a c e - c h a r g e  t h e  f i e l d  
i s  n o n - u n i f o r m  when V = Ve and t h e  p o t e n t i a l  d i s t r i b u t i o n  i s  a p p r o x i m a t e l y  
p a r a b o l i c ,  s e e  Von E n g e l ^ ) s as  i s  i l l u s t r a t e d  i n  f i g .  1. Ward 's  c u rv e s  
a r e  c o n s i s t e n t  w i t h  t h i s  s p a c e - c h a r g e  c o n d i t i o n  which  d e s c r i b e s  t h e  amount 
o f  f i e l d  d i s t o r t i o n  Ex = dE /dx  which i s  i n t r o d u c e d :
a E Ex dx = (K' + 1 -  exp ( -  K’ ))  . . . .  (4)
y b
E q u a t i o n  4 i n v o l v e s  t h e  c u r r e n t  d e n s i t y  and t h e  p o s i t i v e  i o n  m o b i l i t y  y.
I t  can e a s i l y  be  d e r i v e d  from Varney e t  a l ( 4 ) .  However , W ard ' s  r e s u l t s  
p r e c l u d e  any Ve v a l u e  l e s s  t h a n  t h e  minimum v a l u e  o f  Vs . I t  can  be  shown 
b y ,  f o r  i n s t a n c e ,  t h e  c a l c u l u s  o f  v a r i a t i o n s ( 5 ) ,  t h a t  t h i s  i s  a consequence  
o f  t h e  a s s u m p t io n  i n  e q u a t i o n  2 t h a t  a  i s  a f u n c t i o n  o f  (E /p )  o n l y ,  even 
when t h e  f i e l d  i s  n o n - u n i f o r m ,  b e c a u s e  t h e  minimum anode p o t e n t i a l  V^ i s
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o b t a i n e d  w i t h  a u n i fo r m  i‘i e l d  i . e .  as  a t  breakdown when = Vg . In  
r e a l i t y ,  however ,  a depends on t h e  e l e c t r o n  e n e r g i e s  a t  e ach  p o i n t .  These 
a r e  known t o  be g r e a t e r  i n  t h e  n o n - u n i f o r m  f i e l d  o f  gas  d i s c h a r g e s  t h a n  
t h a t  p r e d i c t e d  by t h e  (E /p )  v a l u e s  t h r o u g h o u t  t h e  g a p ( 6 ) .  I n d e e d  i n  some 
d i v e r g e n t  f i e l d  c o n f i g u r a t i o n s  t h e  maximum v a l u e  o f  (E /p )  d e t e r m i n e s  a 
t h r o u g h o u t  t h e  g a p ( ^ ) .  The l a t t e r  would  n o t  be  c o m p a t i b l e  w i t h  o u r  
m easurem ents  b e c a u s e  i t  p r e d i c t s  m o n o t o n i c a l l y  d e c r e a s i n g  V ^ ( I )  
c h a r a c t e r i s t i c s  w i t h  no minima.
C l e a r l y  newly  c r e a t e d  e l e c t r o n s  a r e  a c c e l e r a t e d  by t h e  i n s t a n t a n e o u s  f i e l d ,  
E, b e f o r e  t h e y  c o n t r i b u t e  to  a  b u t  o t h e r  e l e c t r o n  i n t e r a c t i o n s  and 
o s c i l l a t i o n s  can a l s o  s e r v e  to  d i s t r i b u t e  t h e  mean e n e r g y  amongst  t h e  
e l e c t r o n s .  Th is  must  be d e t e r m i n e d  by the ;  a v e r a g e d  f i e l d  e x p e r i e n c e d  from 
t h e  c a t h o d e ,  ( V /x ) .  We t h e r e f o r e  p r o p o s e  t h e  new a rg u m e n t ,  J E V  and
s u b s t i t u t e  t h i s  f o r  E i n  e q u a t i o n  2. I t  i s  t h e  g e o m e t r i c  mearf” b e tw e en  th e  
two ex t r e m e  f i e l d s  and r e d u c e s  t o  E i n  t h e  u n i f o r m  f i e l d  c a s e  ( s e e  f i g .  1 ) .  
With t h i s  a s s u m p t io n ,  t h e  p o t e n t i a l  d i s t r i b u t i o n  i s  no l o n g e r  u n i q u e l y  
d e t e r m i n e d  by e q u a t i o n s  1, 2 and 4 b u t  we must  s e l e c t  t h a t  d i s t r i b u t i o n ,  
by t h e  v a r i a t i o n a l  method ,  wh ich  g i v e s  t h e  l o w e s t  v a l u e  o f  b e c a u s e
c l e a r l y  t h i s  w i l l  o b t a i n  a t  t h e  ex p e n se  o f  a l l  o t h e r s .
A lthough  no a n a l y t i c a l  s o l u t i o n  has  y e t  been  found  f o r  t h e  a p p r o p r i a t e  
f i e l d  d i s t r i b u t i o n  and i t  i s  hoped t o  o b t a i n  computed forms i n  t h e  f u t u r e ,  
a d i s t r i b u t i o n  s u g g e s t e d  by Von E n g e l s e r v e s  t o  i l l u s t r a t e  t h a t  v a l u e s  
o f  Ve l e s s  t h a n  Vs a r e  p o s s i b l e .  They a r e  n o t  however  as  low as  may be  
n u m e r i c a l l y  computed o r  as  t h o s e  o b s e r v e d  e x p e r i m e n t a l l y .
An Approx imate  T r e a t m e n t  f o r  Vp
Von E n g e l Ts d i s t r i b u t i o n  i s  o f  t h e  f o r m : -
V = Vd<m - when f  ^  d . . .  (5)
h e r e  f  i s  t h e  c a th o d e  f a l l ,  t h e  d i s t a n c e  t o  where  t h e  f i e l d  f a l l s  t o  z e r o .  
S u b s t i t u t i n g  e q u a t i o n  5 i n t o  e q u a t i o n  1 u s i n g  K' we o b t a i n :
V 1 V 2 YY exp .. M
* o L {(1 -  t ) (2 -  t ) } 4 J
d t . . . .  (6)
where t  = and Y = l2 4
E l
V,
The d e f i n i t e  i n t e g r a l  has  a maximum v a l u e  o f  G = 0 .4 4  when Y = 1 .9  w h ich
g iv e s  t h e  a b s o l u t e  minimum v a l u e  o f  V^. 
enough p r e s s u r e s  and g i v e s
Th is  i s  t h e  v a l u e  o f  Vp a t  h i g h
„  1 K’ D2 -| K’ D2V =     = 1 .6--------
6 G C C
I t  must  be  compared w i t h  t h e  minimum v a l u e  o f  Vs o f
■ _ e 2 K'D2 _ ,, K'D2
V  = X  ~C ~  = -1-8 —  .
The r a t i o  o f  t h e  minima i s  0 . 8 7  compared w i t h  0 . 6  a c t u a l l y  o b s e r v e d  w i t h  
Vs and Ve v o l t a g e s  o f  438 V and 260 V r e s p e c t i v e l y .  O t h e r  a n a l y t i c a l  
forms g iv e  lower  r a t i o s  b u t  have  l e s s  a u t h e n t i c i t y ;  one c l o s e  to  the  
opt imum g i v e s  a  r a t i o  o f  0 . 6 1 .
However , t h e  example  a l s o  i l l u s t r a t e s  q u a l i t a t i v e l y  t h a t  l a r g e r  v a l u e s  o f  
Ve a r e  e x p e c t e d  a t  t h e  low er  p r e s s u r e s .  Here t h e  c a t h o d e  f a l l  f  becomes
g r e a t e r  t h a n  d and t h e  d e f i n i t e  i n t e g r a l  e x t e n d s  from 0 to  ( d / f )  n o t  0 t o
1. The i n t e g r a l  i n  e q u a t i o n  6 i s  t h e r e f o r e  l e s s  so t h a t  i s  g r e a t e r .
C o n c lu s io n
We ha v e  shown t h a t  t h e  s t r i k e  v o l t a g e  Vg can  be  p r e d i c t e d  f o r  gas  d i s c h a r g e  
p a n e l s  p r o v i d e d  t h e  w a l l  l o s s e s  a r e  t a k e n  i n t o  a c c o u n t . ;  The s a l i e n t  
f e a t u r e s  o f  t h e  e x t i n c t i o n  v o l t a g e  Ve a r e  a l s o  e x p l a i n e d  i . e .  t h e  f a l l  o f  
Ve be low t h e  minimum v a l u e  o f  Vs as  t h e  p r e s s u r e  r i s e s  and t h e  e f f e c t  o f  
c e l l  geom et ry ,  i f  i t  i s  assumed t h a t  t h e  i o n i s a t i o n  c o e f f i c i e n t  a depends 
on a g e o m e t r i c  mean be tw een  t h e  i n s t a n t a n e o u s  f i e l d ,  E and t h e  a v e ra g e d  
f i e l d ,  V/x ;  i . e .  JE v r a t h e r  t h a n  E a t  t h e  p o i n t .  T h i s  h a s  been  
. xd e m o n s t r a t e d  u s i n g  Von Enge l  s a p p r o x i m a t e  p o t e n t i a l  d i s t r i b u t i o n  f o r  
t h e  c a th o d e  f a l l .
However ,  i t  i s  i n t e n d e d  t o  s o l v e  t h e  f u l l  E u l e r - L a g r a n g e  e q u a t i o n  by 
n u m e r i c a l  c o m p u t a t i o n  and so f i n d  t h e  opt imum p o t e n t i a l  d i s t r i b u t i o n  
c o m p a t i b l e  w i t h  t h e  r e s t r a i n t s  o f  t h e  s e l f - s u s t a i n i n g  and s p a c e - c h a r g e  
c o n d i t i o n s  o f  e q u a t i o n s  1 and 4.  Th is  w i l l  e n a b l e  V^Cl) c h a r a c t e r i s t i c s  
t o  be  d e t e r m i n e d  and e n a b l e  t h i s  t h e o r y  t o  be f u l l y  compared w i t h  
e x p e r i m e n t .
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Ab s t  r  a c t
N o r m a l l y ,  t h e  i m p e d a n c e  o f  t h e  g l o w  d i s c h a r g e  e x p l o i t e d  i n  a d . c .  p l a s m a  p a n e l  i s  l o w ,  
and i f  i n f o r m a t i o n  i s  t o  be  s t o r e d  i n  t h e  d i s p l a y  i t s e l f ,  t h e  c u r r e n t  i n  t h e  c e l l s  mus t
b e  c o n t r o l l e d  by  a s e r i e s  r e s i s t o r  i n  e a c h  c e l l .
E m p i r i c a l  s t u d i e s  o f  c e l l  c h a r a c t e r i s t i c s  h a v e  shown t h e  r e l a t i o n s h i p  b e t w e e n  th e  
i m p e d a n c e  and s u c h  p a r a m e t e r s  a s  c e l l  g e o m e t r y ,  c a t h o d e  m a t e r i a l  and g a s  c o m p o s i t i o n  and 
p r e s s u r e .  By s u i t a b l e  c h o i c e  o f  t h e s e  p a r a m e t e r s ,  i n  p a r t i c u l a r  t h e  u s e  o f  g r a p h i t e  as  
t h e  c a t h o d e  m a t e r i a l ,  i t  was  f o u n d  p o s s i b l e  t o  d e s i g n  a d . c .  s t o r a g e  p l a s m a  p a n e l ,  w h e r e
t h e  c e l l  im p e d a n c e  i s  s u f f i c i e n t l y  h i g h  t o  o b v i a t e  t h e  n e e d  f o r  a s e r i e s  r e s i s t o r .
A new t h e o r e t i c a l  mod e l  i s  p r o p o s e d  w h i c h  c o n s i d e r s  t h e  a v e r a g e d  f i e l d  r a t h e r  t h a n  t h e  
i n s t a n t a e n o u s  f i e l d  when  d e r i v i n g  t h e  i o n i z a t i o n  a c r o s s  t h e  c e l l  i n  t h e  n o n - u n i f o r m  f i e l d  
g l o w - d i s c h a r g e  c o n d i t i o n .  The t h e o r y  a l s o  t a k e s  i n t o  a c c o u n t  l o s s e s  a t  t h e  c e l l  w a l l s  
and t h e  g as  d e n s i t y  c h a n g e s  due t o  t h e  h e a t  d i s s i p a t i o n  i n  t h e  c a t h o d e  r e g i o n .  The mo d e l  
i s  c o n s i s t e n t  w i t h  th e  e m p i r i c a l  d a t a ,  and e x p l a i n s  some o f  t h e  d i s c h a r g e  c h a r a c t e r i s t i c s  
n o t  a c c o u n t e d  f o r  by e a r l i e r  t h e o r i e s .
The c o n s t r u c t i o n  and c h a r a c t e r i s t i c s  o f  an e x p e r i m e n t a l  128  c h a r a c t e r  p a n e l  w i t h  
g r a p h i t e  c a t h o d e s  o p e r a t i n g  i n  t h e  s t o r a g e  mode i s  d e s c r i b e d .
I n t r o d u c t i o n
The c u r r e n t - v o 1 t a g e  c h a r a c t e r i s t i c  o f  a d . c .  g l o w  d i s c h a r g e  i s  i l l u s t r a t e d  by t h e  
c u r v e s  o f  f i g u r e  1 .  B e f o r e  b re a k d ow n  t h e  c u r r e n t  i s  n e g l i g i b l e  and t h e  d i s c h a r g e  i s  
c o n s i d e r e d  ' o f f ' .  At t h e  b re ak d o w n  p o t e n t i a l ,  Vg , t h e r e  i s  an i n c r e a s e  i n  c u r r e n t  w h i c h  
s e t s  up s p a c e  c h a r g e  and a r e d u c t i o n  i n  t h e  d i s c h a r g e  p o t e n t i a l .  T h i s  r e s u l t s  i n  an 
u n s t a b l e  n e g a t i v e  r e s i s t a n c e  c h a r a c t e r i s t i c  u n t i l  t h e  minimum v o l t a g e ,  Ve , i s  r e a c h e d .  
T h e r e a f t e r  t h e  c u r r e n t  i n c r e a s e s  w i t h  v o l t a g e  e x h i b i t i n g  a s t a b l e  p o s i t i v e  r e s i s t a n c e  
and g i v i n g  t h e  p h y s i c a l  a p p e a r a n c e  o f  a g l o w  d i s c h a r g e .  The d i s c h a r g e  i s  now ' o n ' ,  and  
t o  e x t i n g u i s h  i t  t h e  v o l t a g e  m u s t  be  l o w e r e d  b e l o w  t h e  minimum.
a>cn
a+->
% V*
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C u rren t
F i g . l .  T y p i c a l  c p r r e n t - v o 1 t a g e  c h a r a c t e r i s t i c s  
o f  t h e  g lo w  d i s c h a r g e
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I f  th e  p o t e n t i a l  i s  h e l d  a t  a v a l u e  b e t w e e n  Vg and Ve , t h e  d i s c h a r g e  can  be  s w i t c h e d  on 
by p u l s i n g  a b o v e  Vg and s w i t c h e d  o f f  by p u l s i n g  b e l o w  Ve , t h e  b i s t a b l e  c h a r a c t e r i s t i c s  o f ­
f e r i n g  th e  p o s s i b i l i t y  o f  s t o r a g e  w h i c h  c a n  b e  e x p l o i t e d  i n  a p l a s m a  d i s p l a y  p a n e l  f o r  
p r e s e n t i n g  d a t a  o r  g r a p h i c s .  The a d v a n t a g e s  o f  s t o r a g e  i n  a d . c .  p l a s m a  d i s p l a y  p a n e l  a r e  
h i g h  b r i g h t n e s s  w i t h o u t  f l i c k e r ,  a g r e a t e r  d i s p l a y  c a p a c i t y ,  and t h e  p o s s i b i l i t y  o f  r e d u c e d  
a d d r e s s i n g  c i r c u i t  c o s t .
As w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n  h o w e v e r ,  t h e  d e s i g n  o f  a d . c .  o p e r a t e d  
s t o r a g e  p a n e l  p r e s e n t s  a number o f  p r o b l e m s ,  t h e  m a j o r  one  b e i n g  t h e  n e e d  to  i n c o r p o r a t e  
a s e r i e s  im p e d a n c e  a t  e a c h  d i s c h a r g e  p o i n t  t o  c o n t r o l  t h e  c u r r e n t .  T h i s  p a p e r  d e s c r i b e s  
a p a n e l  d e s i g n  w h i c h  o v e r c o m e s  t h i s  l a t t e r  p r o b l e m .  The c o n s t r u c t i o n  and p e r f o r m a n c e  
o f  an e x p e r i m e n t a l  1 2 8 - c h a r a c t e r  p a n e l  b a s e d  on s u c h  a d e s i g n  i s  g i v e n ,  and a t h e o r e t i c a l  
m o d e l  c o n s i s t e n t  w i t h  t h e  d a t a  i s  o u t l i n e d .
D e s i g n  C o n s i d e r a t i o n s
In  a d . c .  p l a s m a  p a n e l  t h e  a n od e  and c a t h o d e  e l e c t r o d e s  a r e  a l i g n e d  o r t h o g o n a l l y  
w i t h  a s p a c e r  p l a t e  b e t w e e n ,  t h a t  h a s  a p e r t u r e s  to  f o rm  t h e  d i s p l a y  c e l l s  a t  th e  
e l e c t r o d e  c r o s s - o v e r  p o i n t s .  The a p e r t u r e  s p a c e r  p l a t e  i s  n e c e s s a r y  t o  p r e v e n t  c r o s s ­
f i r i n g  and t o  l o c a t e  t h e  g lo w  i n  a d e f i n e d  p o s i t i o n .
To a d d r e s s  a p a r t i c u l a r  c e l l ,  c o - i n c i d e n t  v o l t a g e  p u l s e s  a r e  a p p l i e d  to  t h e  a p p r o p r i a t e  
c a t h o d e  and a nod e  r a i l  s u c h  t h a t  t h e  a m p l i t u d e  o f  t h e  c o m b i n e d  p u l s e s  i s  s u f f i c i e n t  t o  
i g n i t e  o r  e x t i n g u i s h  a d i s c h a r g e  b u t  t h e  s i n g l e  p u l s e  a m p l i t u d e  i s  n o t .
The b r e a k d o w n  and e x t i n g u i s h i n g  v o l t a g e s  f o r  a l l  c e l l s  w i l l  be  s i m i l a r  b u t  n o t  i d e n t i c a l  
and v a r i a t i o n s  can  be  e x p e c t e d  o v e r  l i f e ,  so  t h a t  t h e  h o l d i n g  v o l t a g e  and p u l s e  a m p l i t u d e s  
h a v e  to  t a k e  t h e s e  1 s p r e a d s ' i n t o  a c c o u n t .  T h i s  i s  i l l u s t r a t e d  i n  f i g u r e  2a w h e r e  t h e  
v o l t a g e  l e v e l s  a r e  g i v e n  f o r  a r a n d o m - w r i t e / r a n d o m - e r a s e  s t o r a g e  mode o f  a d d r e s s ,  i . e .  
t h e  d i s p l a y  i s  h e l d  i n  t h e  p a n e l  by a d . c .  s u s t a i n i n g  v o l t a g e  Vg and i n d i v i d u a l  c e l l s  can  
b e  i g n i t e d  o r  e x t i n g u i s h e d  i n  s e q u e n c e  by a p p l y i n g  p u l s e s  t o  a p p r o p r i a t e  e l e c t r o d e  p a i r s .  
From c o n s i d e r a t i o n s  o f  f i g u r e  2a  i t  i s  d e d u c e d  t h a t  f o r  t h e  s y s t e m  t o  o p e r a t e ,
Vg ( m i n ) “ Ve £max) mus t  be  g r e a t e r  th an  t h e  sum o f  t h e  s p r e a d s  i n  Vg and Ve . In  p r a c t i c e  
t h i s  i s  d i f f i c u l t  t o  a c h i e v e ,  m a i n l y  b e c a u s e  o f  t h e  l a r g e  s p r e a d  i n  Vg a f f e c t e d  by p r i m i n g  
i . e .  w h e t h e r  a d j a c e n t  c e l l s  a r e  on or  o f f .  An a l t e r n a t i v e  a p p r o a c h  i s  t o  b l o c k - w r i t e /  
r a n d o m - e r a s e . In  t h i s  mode a l i n e  o r  s e v e r a l  l i n e s  o f  c e l l s  a r e  i g n i t e d  s i m u l t a n e o u s l y  
w i t h  a l a r g e  p u l s e ,  and t h e  a p p r o p r i a t e  c e l l s  a r e  e r a s e d  s e q u e n t i a l l y  t o  d i s p l a y  th e  
r e q u i r e d  m e s s a g e .  The p u l s e  r e q u i r e m e n t s  f o r  t h i s  mode a r e  i l l u s t r a t e d  i n  f i g u r e  2b .  
^ S ( m i n )  “ v e ( m a x )  now o n l y  r e q u i r e d  t o  be  g r e a t e r  th a n  t h e  s p r e a d  i n  Ve , a l t h o u g h  
t o  k e e p  t h e  on '  p u l s e  t o  a minimum t h e  s p r e a d  i n  Vg s h o u l d  be  a s  l ow  as  p o s s i b l e .
A f t e r  a l l  c e l l s  h a v e  b e e n  a d d r e s s e d ,  t h e  c e l l  d i s s i p a t i o n  can  be  d e c r e a s e d  d u r i n g  th e  
' o n '  d i s p l a y  p e r i o d  by l o w e r i n g  t h e  h o l d i n g  v o l t a g e  to  V^ a b o u t  10 v o l t s  a b o v e  Ve ( max) .
Write Erase
Vs (max)
Vs(min)
Ve(max)
Xs(min)
Vu --------
2Vn
2Vn
(a )  Random  w r ite -R a n d o m  e r a s e
V,s(m ax)
V.s(min)
Vu
Ve(max)
Ve(min)
Write E r a s e
2Vn,
(b ) Bulk w r i t e - R a n d o m  e r a s e
F i g . 2 .  D r i v e  p u l s e  and b i a s  c o n d i t i o n s  w i t h  r e f e r e n c e  t o  t h e  b r ea kd o w n  and e x t i n c t i o n  
p o t e n t i a l s  f o r  o p e r a t i n g  a d . c .  d i s p l a y  p a n e l  i n  t h e  s t o r a g e  mode.
The c u r r e n t  t a k e n  i n  t h e  ' o n '  s t a t e  d e p e n d s  on t h e  s l o p e  o f  t h e  p o s i t i v e  c h a r a c t e r i s t i c  
o f  f i g u r e  1 ,  i . e .  d V / d i ,  and a l s o  on th e  e x t i n c t i o n  c u r r e n t  i e . The i - V  c h a r a c t e r i s t i c s  
o f  a c o n v e n t i o n a l  d . c .  p l a s m a  p a n e l  w i t h  m e t a l  e l e c t r o d e s  a r e  t y p i c a l l y  r e p r e s e n t e d  by  
c u r v e  B f i g u r e  1 ,  w i t h  a l o w  i m p e d a n c e  i n  t h e  ' o n 1 c o n d i t i o n .  Under  t h e s e  c i r c u m s t a n c e s  
a s e r i e s  r e s i s t o r  i s  r e q u i r e d  t o  l i m i t  t h e  c u r r e n t  ( u s u a l l y  a b o u t  a megohm t o  r e s t r i c t  
t h e  c u r r e n t  to  10 - lOOyA p e r  c e l l ) .  F u r t h e r ,  s i n c e  i n  t h e  s t o r a g e  mode t h e  ' o n 1 c e l l s  
a r e  o p e r a t i n g  i n  p a r a l l e l ,  a r e s i s t o r  i s  r e q u i r e d  f o r  e a c h  c e l l .  A l t h o u g h  t h e  i n c l u s i o n  
o f  a r e s i s t o r  o f  ar o u n d  a megohm i n  e a c h  c e l l  i s  p o s s i b l e  ( i ) ( 2 ) > t h e  r e q u i r e m e n t s  on 
r e l i a b i l i t v -  t o l e r a n c e  and a r e a  p r e s e n t  a s e v e r e  m a n u f a c t u r i n g  p r o b l e m .  A c e l l  d e s i g n ,
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t h e r e f o r e ,  w h i c h  w o u l d  g i v e  t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  o f  c u r v e  A,  f i g u r e  1 ,  w h i l s t  
a v o i d i n g  t h e  n e e d  f o r  s e r i e s  r e s i s t o r s  i s  o f  p r a c t i c a l  i n t e r e s t .
T h e  i - V  c h a r a c t e r i s t i c s ,  p a r t i c u l a r l y  t h e  i m p e d a n c e ,  d V / d i ,  i s  d e t e r m i n e d  b y  t h e  
c a t h o d e  m a t e r i a l ,  g a s  c o m p o s i t i o n  a n d  p r e s s u r e ,  a n d  t h e  c e l l  g e o m e t r y .  I n  p a r t i c u l a r  
d V / d i  i s  a d i r e c t  f u n c t i o n  o f  j / p 2 t h e  r e d u c e d  c u r r e n t  d e n s i t y .  U n f o r t u n a t e l y ,  t h e s e  
p a r a m e t e r s  a l s o  a f f e c t  t h e  v a l u e s  o f  Vg a n d  Ve , a n d  a l t h o u g h  t h e o r e t i c a l l y  a j / p 2  
v a l u e  c a n  b e  c h o s e n  t o  g i v e  a d e q u a t e  i m p e d a n c e ,  t h e  p r e s s u r e  w o u l d  b e  t o o  l o w  a n d / o r  
t h e  c u r r e n t  d e n s i t y  t o o  h i g h  f o r  a n o r m a l  m e t a l - c a t h o d e  d i s c h a r g e  t o  g i v e  w o r k a b l e  
v o l t a g e  t h r e s h o l d s  i n  a d i s p l a y  p a n e l .  A l s o  a t  h i g h  c u r r e n t  d e n s i t i e s  a n d  l o w  p r e s s u r e s  
t h e  c a t h o d e  b e c o m e s  e r o d e d  a w a y  b y  t h e  b o m b a r d i n g  i o n s ,  ( s p u t t e r e d ) ,  s e v e r e l y  l i m i t i n g  
t h e  o p e r a t i o n a l  l i f e .
T h e  g a s  c o m p o s i t i o n  i s  r e s t r i c t e d  b y  l i g h t  o u t p u t  r e q u i r e m e n t s  t o  n e o n  o r  n e o n  
d o m i n a t e d  i n e r t  g a s  m i x t u r e s .  No o t h e r  g a s  w i l l  g i v e  a d e q u a t e  l u m i n o u s  e f f i c i e n c y ,  
u n l e s s  i t s  U . V .  r a d i a t i o n  c a n  b e  c o n v e r t e d  b y  a p h o s p h o r .  A l t e r i n g  t h e  c h a r a c t e r i s t i c s ,  
t h e r e f o r e ,  b y  c h o i c e  o f  g a s  i s  f a i r l y  l i m i t e d .
The  u s e  o f  a n  a l t e r n a t i v e  c a t h o d e  m a t e r i a l  t o  a t t a i n  t h e  d e s i r e d  i m p e d a n c e  i s  m o r e  
p r o m i s i n g .  T h e  i m p e d a n c e  a t  a  g i v e n  g a s  p r e s s u r e  i n c r e a s e s  m a r k e d l y  w i t h  d e c r e a s i n g  
s e c o n d a r y  e m i s s i o n  c o e f f i c i e n t  y» t h e  n u m b e r  o f  e l e c t r o n s  r e l e a s e d  f r o m  t h e  c a t h o d e  
p e r  i o n i z i n g  c o l l i s i o n  i n  t h e  g a s .  T h e  e m i s s i o n  i s  c a u s e d  b y  p o s i t i v e  i o n s ,  e x c i t e d  
a t o m s  o r  p h o t o n s  f r o m  t h e  d i s c h a r g e  i n c i d e n t  o n  t h e  c a t h o d e  a n d  i s  v e r y  d e p e n d e n t  on  
t h e  c a t h o d e  m a t e r i a l .  F u r t h e r ,  a l t h o u g h  Vg a n d  Ve b o t h  i n c r e a s e  w i t h  d e c r e a s i n g  y ,  t h e  
d i f f e r e n c e  Vg -  Ve a l s o  i n c r e a s e s ,  s o  t h a t  w o r k a b l e  t h r e s h o l d s  a r e  s t i l l  a t t a i n a b l e .
T h e  u s e  o f  a c a t h o d e  w i t h  a , l o w  y ,  t h e r e f o r e ,  c o n s t i t u t e s  t h e  m a i n  p a r a m e t e r  i n  t h e  
d e s i g n  o f  t h e  s t o r a g e  p a n e l  d e s c r i b e d  i n  t h i s  p a p e r .  Ou r  i n v e s t i g a t i o n s  h a v e  s h o w n  t h a t  
c a r b o n  e s p e c i a l l y  i n  t h e  f o r m  o f  g r a p h i t e ,  c a n  g i v e  u s e f u l  v a l u e s  o f  d V / d i ,  y e t  a t  
t h e  s a m e  t i m e  a d e q u a t e  w o r k i n g  t h e s h o l d s .  C a r b o n  h a s  a y o f  l e s s  t h a n  0 . 1  c o m p a r e d  
w i t h  v a l u e s  a b o v e  0 . 2  f o r  m e t a l s .  I t  h a s  t h e  a d d e d  a d v a n t a g e  o f  b e i n g  r e s i s t a n t  t o  
s p u t t e r i n g ,  w i t h  a s p u t t e r i n g  r a t e  o f  l e s s  t h a n  a  t e n t h  o f  t h a t  f o r  n i c k e l ^ ) .  The  
g a s  c o m p o s i t i o n  a n d  p r e s s u r e  a n d  t h e  c e l l  g e o m e t r y ,  h o w e v e r ,  m u s t  a l s o  b e  s e l e c t e d  
f o r  o p t i m u m  o p e r a t i o n ,  a n d  s u c h  f a c t o r s  a s  c o s t  o f  m a n u f a c t u r e  a n d  e l e c t r i c a l  
c o n n e c t i o n s  h a v e  t o  b e  c o n s i d e r e d .
P a n e l  C o n s t r u c t i o n  a n d  C h a r a c t e r i s t i c s
F r o m  o u r  i n i t i a l  i n v e s t i g a t i o n  o f  c e l l  g e o m e t r y ,  c a t h o d e  m a t e r i a l ,  e t c .  a n  
e x p e r i m e n t a l  p a n e l  w a s  d e v e l o p e d  t o  d i s p l a y  1 2 8 - c h a r a c t e r s  w i t h  t h e  c e l l s  o n  40  l i n e /  
i n c h  p i t c h .  T h e  p a n e l  c o n s i s t e d  o f  t h r e e  g l a s s  p l a t e s  i n  c o n t a c t ,  t h e  c a t h o d e  p l a t e ,  
t h e  a n o d e  p l a t e ,  a n d  a n  i n t e r m e d i a t e  a p e r t u r e  p l a t e .  T h e  a n o d e  a n d  c a t h o d e  r a i l s  w e r e  
t h i c k  f i l m  p r i n t e d  o n  t h e  r e s p e c t i v e  p l a t e s ,  1 5 0 p m  w i d e  s i l v e r  t r a c k s  f o r  t h e  a n o d e s  a n d  
5 0 0 p m  w i d e  g r a p h i t e  t r a c k s  f o r  t h e  c a t h o d e s .  B e c a u s e  t h e  c a t h o d e  r a i l s  w e r e  n o t  
s u f f i c i e n t l y  c o n d u c t i n g ,  e a c h  g r a p h i t e  t r a c k  w a s  o v e r p r i n t e d  o n t o  a s i l v e r  t r a c k  o f  
1 2 5 p m  w i d t h .  T h e  a p e r t u r e  p l a t e  w a s  c o n s t r u c t e d  f r o m  7 5 0 p m  t h i c k  C o r n i n g  O p a l  
F o t o f o r m  B ( R ) , w h i c h  a l l o w s  t h e  a p e r t u r e s  t o  b e  e t c h e d  b y  a p h o t o l i t h o g r a p h i c  m e t h o d .  
3 0 0 p m d i a m e t e r  a p e r t u r e s  w e r e  e t c h e d  f r o m  o n e  s i d e  t o  g i v e  a 2 - 3 u t a p e r ,  w h i c h  
e f f e c t i v e l y  i n c r e a s e d  t h e  g l o w  a r e a  f o r  a g i v e n  c a t h o d e  a r e a .
The  w h o l e  p a n e l  w a s  s e a l e d  a r o u n d  t h e  e d g e  w i t h  a  g l a s s  f r i t  f i l l e t  s e a l ,  p u m p e d  a n d  
f i l l e d  w i t h  n e o n  g a s .  A m o r e  d e t a i l e d  d e s c r i p t i o n  h a s  b e e n  g i v e n  p r e v i o u s l y  
F i g u r e  3 s h o w s  t h e  f i n a l  p a n e l  i n  o p e r a t i o n .
THE GRAPHITE 
USED FOR THESE 
CATHODE TRACKS 
IS SIMILAR TO 
THAT USED ON THE 
CONES OF CATHODE 
RAY TUBES TO 
PREUENT CHARGING
F i g . 3 .  1 2 8 - c h a r a c t e r  s t o r a g e  p a n e l
u s i n g  g r a p h i t e  c a t h o d e s
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The e f f e c t  o f  t h e  g a s  p r e s s u r e  on t h e  i - V  c h a r a c t e r i s t i c s  and on t h e  t h r e s h o l d  
v o l t a g e s  i s  i l l u s t r a t e d  i n  f i g u r e s  4 and 5 r e s p e c t i v e l y , ' w h e r e  d . c .  m e a s u r e m e n t s  on 
a s t a n d a r d  p a n e l  h a v e  b e e n  p l o t t e d .  The im p e d a n c e  i n c r e a s e s  w i t h  d e c r e a s i n g  p r e s s u r e  
b u t  a t  t h e  same  t i m e  t h e  e x t i n c t i o n  v o l t a g e  r i s e s .  N e v e r t h e l e s s  i f ,  f o r  e x a m p l e ,  we 
t a k e  t h e  d i s p l a y  v o l t a g e  a s  Vp = 1 . 1  Ve t h e n  t h e  c u r r e n t  d e c r e a s e s  w i t h  d e c r e a s i n g  
p r e s s u r e  and t h e r e  i s  a n e t  r e d u c t i o n  i n  t h e  d i s s i p a t i o n .  On t h e  o t h e r  hand as  t h e  
p r e s s u r e  i s  d e c r e a s e d  t h e  gap b e t w e e n  Vg and Ve d e c r e a s e s .  F o r  a p r a c t i c a l  p a n e l  a 
minimum v a l u e  o f  V g ( mi n ) ~ Ve ( max)  r e q u i r e d ,  w h i c h  i m p l i e s  t h a t  t h e  p r e s s u r e
s h o u l d  n o t  be  b e l o w  a b o u t  90 t o r r .  The f i n a l  p r e s s u r e  c h o s e n  was  a c o m p ro m is e  t h e r e f o r e  
o f  t h e s e  two c r i t e r i a .
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F i g . 4 .  The i - V  c h a r a c t e r i s t i c s  o f  t h e  
g r a p h i t e - c a t h o d e  s t o r a g e  p a n e l  
s h o w i n g  t h e  e f f e c t  o f  g as  p r e s s u r e
F i g . 5 .  The minimum br e ak d ow n  and  
maximum e x t i n c t i o n  v o l t a g e  f o r  t h e  
g r a p h i t e - c a t h o d e  s t o r a g e  p a n e l  a s  a 
f u n c t i o n  o f  g as  p r e s s u r e
The b re a k d o w n  and e x t i n c t i o n  v o l t a g e s  i n  f i g u r e  5 w e r e  m e a s u r e d  by s l o w l y  v a r y i n g  
V o l t a g e s .  A f i n i t e  t i m e  i s  r e q u i r e d  f o r  t h e  d i s c h a r g e  t o  b u i l d  up ( i o n i z a t i o n  t i m e )  and  
a f i n i t e  t i m e  t o  d e i o n i z e  a n d ,  f o r  p u l s e  s w i t c h i n g ,  l a r g e r  a m p l i t u d e  p u l s e s  a r e  r e q u i r e d  
t h a n  i n d i c a t e d  by t h e  d . c .  v a l u e s ,  when t h e  p u l s e  d u r a t i o n  b e c o m e s  c o m p a r a b l e  to  t h e  
i o n i z a t i o n  o r  d e i o n i z a t i o n  t i m e .  F or  e x t i n c t i o n  t h e  v o l t a g e  r e m a i n s  a t  t h e  d . c .  l e v e l  
a s  t h e  p u l s e  d u r a t i o n  i s  d e c r e a s e d  t o  a b o u t  50Vis,  b u t  b e l o w  t h i s ,  t h e  v o l t a g e  d e c r e a s e s
i . e .  t h e  e x t i n c t i o n  p u l s e s  h a v e  t o  be  i n c r e a s e d .  For  r e l i a b l e  o p e r a t i o n  an e x t i n c t i o n  
p u l s e  d u r a t i o n  o f  1 5 0 y s  was  c h o s e n  f o r  i n i t i a l  work on t h e  a d d r e s s  c i r c u i t .  For  
b re a k d o w n  t h e  r e q u i r e d  v o l t a g e  d e p e n d s  on t h e  amount o f  p r i m i n g  p r e s e n t .  As one  c e l l  
b r e a k s  down i t  t e n d s  to  p r im e  a d j a c e n t  c e l l s  c a u s i n g  them a l s o  t o  b r e a k d o w n .  Thus a 
r i p p l e - t h r o u g h  e f f e c t  i s  o b t a i n e d ,  w h i c h  can  be  i n i t i a t e d  by  a p r i m i n g  o f  k e e p - a l i v e  
d i s c h a r g e  a t  t h e  e d g e  o f  t h e  p a n e l .  The p u l s e  d u r a t i o n  and a m p l i t u d e  i s  m a i n l y  
d i c t a t e d  by t h e  r i p p l e - t h r o u g h  r a t e .  In  t h e  e x p e r i m e n t a l  p a n e l  f o r  a p u l s e  o f  t h e  o r d e r  
o f  lOOys 5% o v e r - v o l t a g e  i s  r e q u i r e d  ( i . e .  5% a b o v e  t h e  d . c .  v a l u e ) .  I m p o r t a n t  i n  t h e  
p e r f o r m a n c e  o f  th e  p a n e l  i s  t h e  pow er  d i s s i p a t i o n .  The h e a t  d i s s i p a t e d  i n  t h e  c e l l s  c a u s e s  
c h a n g e s  i n  t h e  gas  d e n s i t y  and a d r i f t  o f  t h e  t h r e s h o l d  v o l t a g e s  e f f e c t i v e l y  i n c r e a s i n g  
t h e  s p r e a d s .  The d i s s i p a t i o n  i n  e a c h  c e l l  i s  g i v e n  by t h e  p r o d u c t  o f  t h e  r u n n i n g  v o l t a g e ,
VD * and t h e  c e l l  c u r r e n t  a t  Vp. H o w e v e r ,  i t  i s  u n l i k e l y  t h a t  a l l  c e l l s  w i l l  be  o n ,  and
i n d e e d  f o r  a l p h a - n u m e r i c s , t h e  maximum l o a d i n g  w i t h  a c h a r a c t e r  i n  e v e r y  p o s i t i o n  
g i v e s  o n l y  a q u a r t e r  o f  t h e  c e l l s  i g n i t e d .  N e v e r t h e l e s s  f o r  t h e  p r e s e n t  p a n e l  w i t h  Vp 
300V and t h e  c e l l  c u r r e n t  50PA,  t h e  maximum l o a d i n g  i s  ar o u n d  lW/cm^ and f a n  c o o l i n g  
i s  r e q u i r e d .  Wi th  t h i s  d i s s i p a t i o n  t h e  l i g h t  o u t p u t  i s  h i g h  ar o u nd  1 , 5 0 0  Cd m-  ^ ( 4 4 0  fL)  . 
T h i s  i s  t h e  a v e r a g e  b r i g h t n e s s  o v e r  t h e  c e l l  and q u i t e  a l a r g e  p o r t i o n  i s  o b s c u r e d  by t h e  
a n o d e .  W i t h o u t  t h i s  o b s c u r a t i o n  7 , 5 0 0  Cd m"2 ( 2 , 0 0 0  fL)  i s  o b t a i n e d ,  w i t h  p ea k  b r i g h t n e s s  
a t  t h e  c e n t r e  o f  a b o u t  t w i c e  t h i s  v a l u e .
T h e o r e t i c a l  C o n s i d e r a t i o n s
The b a s i c  p r i n c i p l e  w h i c h  a p p l i e s  t o  b o t h  t h r e s h o l d  v o l t a g e s  i s  t h e  Townsend  s e l f -  
s u s t a i n i n g  c o n d i t i o n  w h i c h ,  s i m p l y  s t a t e d ,  i s  t h a t  f o r  e a c h  o r i g i n a l  c a t h o d e  e l e c t r o n
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c o l l e c t e d  by t h e  a n o d e ,  a n o t h e r  e l e c t r o n  mus t  b e  r e l e a s e d  f ro m  t h e  c a t h o d e  by s e c o n d a r y  
p r o c e s s e s .  M a t h e m a t i c a l l y  t h e  c o n d i t i o n  c a n  b e  s u m m a r i s e d  a s :
•d
ad x  = £n 1 + I
Y
J O »
(1)
w h e r e  a i s  t h e  Townsend  i o n i z a t i o n  c o e f f i c i e n t  ( t h e  number  o f  new e l e c t r o n s  fo r m e d  by  
i o n i z a t i o n  p e r  u n i t  d i s t a n c e  m e a s u r e d  f r o m  t h e  c a t h o d e ) ,  d i s  t h e  a n o d e - c a t h o d e  s e p a r a t i o n ,  
and y i s  t h e  s e c o n d a r y  e m i s s i o n  c o e f f i c i e n t  o f  t h e  c a t h o d e  a s  e x p l a i n e d  p r e v i o u s l y .  The  
t e rm  &n( l  + j ^ j i s  o f t e n  r e f e r r e d  to  a s  t h e  m u l t i p l i c a t i o n  f a c t o r ,  K, and may be c o n s i d e r e d  
Y
as  c o n s t a n t  o v e r  a r e a s o n a b l e  r a n g e  o f  p r e s s u r e  and v o l t a g e  f o r  n e o n  g a s .
F or  l a r g e  p a r a l l e l  p l a t e  e l e c t r o d e s  p l a c e d  c l o s e  t o g e t h e r ,  i n  t h e  b r e a k d o w n  c o n d i t i o n  
t h e  p o t e n t i a l  r i s e s  l i n e a r l y  f r o m  c a t h o d e  to  a n o d e  and a can  be  c o n s i d e r e d  a s  c o n s t a n t  
o v e r  t h e  w h o l e  g ap .  U s i n g  m e a s u r e d  v a l u e s  o f  a d e t e r m i n e d  u n d e r  p r e - b r e a k d o w n  c o n d i t i o n s  
Ward (5 )  g i v e s  t h e  r e l a t i o n  b e t w e e n  a and t h e  p r e s s u r e ,  p ,  and f i e l d ,  E ,  a s :
a = C p exp  - ( 2 )
w h e r e  C and D a r e  c o n s t a n t s  d e p e n d i n g  on t h e  g a s .
S o l v i n g  e q u a t i o n s  ( 1 )  and  ( 2 )  h a s  g i v e n  g ood  a g r e e m e n t  b e t w e e n  t h e  p r e d i c t e d  Vg 
and m e a s u r e d  v a l u e s .
In  t h e  d i s p l a y  c e l l s  e l e c t r o n s  and i o n s  a r e  l o s t  t o  t h e  w a l l s  w h i c h  e f f e c t i v e l y  
r e d u c e s  t h e  v a l u e  o f  a and t h i s  h a s  t o  be  t a k e n  i n t o  a c c o u n t .  I t  h a s  b e e n  f o u n d  p o s s i b l e  
t o  p r e d i c t  Vg v a l u e s  f o r  s u c h  c e l l s  c o r r e c t l y  i f  a i s  r e p l a c e d  by a '  = a - k / b  f o r  
c y l i n d r i c a l  c e l l s  o f  b o r e  b w h er e  k i s  a c o n s t a n t  d e p e n d i n g  on t h e  g a s .
At  e x t i n c t i o n  t h e  d i s c h a r g e  i s  e s t a b l i s h e d  a n d ,  a s  a r e s u l t  o f  t h e  s p a c e  c h a r g e ,  t h e  
f i e l d  i s  no l o n g e r  u n i f o r m  b u t  i s  h i g h  a t  t h e  c a t h o d e  d e c r e a s i n g  m a r k e d l y  a t  w h a t  i s  
known as  t h e  e d g e  o f  t h e  c a t h o d e  f a l l  r e g i o n  x = f ,  f r o m  w h e r e  m o s t  o f  t h e  g l o w  e m a n a t e s ,  
t o  f a l l  t o  a l ow  v a l u e  or  z e r o  f i e l d  a t  t h e  a n o d e .  By c o m b i n i n g  e q u a t i o n  ( 1 )  and  
P o i s s o n s  e q u a t i o n  dE _ e, -(n - n  )dx e Q e p
w h e r e  n £ and np a r e  t h e  e l e c t r o n  and i o n  d e n s i t i e s
a t  x r e s p e c t i v e l y ,  t h e  f i e l d  d i s t r i b u t i o n  can be  e x p r e s s e d  a s
dE
dx E v o p
e x p f X a ' d x
-1
1 +
( 3 )
w h er e  j i s  t h e  c u r r e n t  d e n s i t y  and Vp t h e  i o n  v e l o c i t y .  The e l e c t r o n  s p a c e  c h a r g e  i s  
s m a l l  and i s  n e g l e c t e d .  A t t e m p t s  t o  u s e  e q u a t i o n  ( 3 )  w i t h  known v a l u e s  o f  a and  y and  
e q u a t i o n  ( 2) ( 5 )  ( 6 ^  a l t h o u g h  g i v i n g  t h e  s h a p e  o f  t h e  f i e l d  d i s t r i b u t i o n  w h i c h  f i t s  
r e a s o n a b l y  w e l l  w i t h  p r o b e  m e a s u r e m e n t s ,  c a n n o t  a c c o u n t  f o r  Ve v a l u e s  b e l o w  t h e  minimum  
v a l u e  o f  Vg.  T h i s  s e em s  t o  be  m a i n l y  due t o  t h e  a s s u m p t i o n  made t h a t  a a t  any  p o i n t  
i s  e q u a l  t o  t h e  v a l u e  m e a s u r e d  i n  a u n i f o r m  f i e l d  c o r r e s p o n d i n g  t o  t h e  f i e l d  d V / d x  a t  
t h a t  p o i n t .  In  f a c t  a d e p e n d s  on th e  e l e c t r o n  e n e r g y  d i s t r i b u t i o n  a n d ,  i n  a d e c r e a s i n g  
f i e l d ,  i t  can  be  e x p e c t e d  t h a t  th e  e n e r g i e s  w i l l  be  h i g h e r  t h a n  t h o s e  g o v e r n e d  by t h e  
f i e l d  a t  t h e  r e s p e c t i v e  p o i n t .  An a l t e r n a t i v e  p r e m i s e  h a s  b e e n  s u g g e s t e d  by  on e  o f  
t h e  a u t h o r s  ( 7 )  n a m e l y  t h a t  a f o r  n o n - u n i f o r m  f i e l d s  d e p e n d s  on t h e  a v e r a g e  f i e l d  
e x p e r i e n c e d  f r o m  t h e  c a t h o d e  V / x  r a t h e r  th a n  d V /d x  a t  any  p o i n t .  T h i s  i s  c o n s i s t e n t  
w i t h  r e c e n t  M o n t e - C a r l o  c a l c u l a t i o n s  r e p o r t e d  by Ngoc  e t  a l  '
E q u a t i o n  ( 2 )  can  t h e n  be  r e w r i t t e n  as
a = C p exp  -
2D px  
V
F o l l o w i n g  L uca s  
f orm
( 6 ) an a p p r o x i m a t e  s o l u t i o n  t o  e q u a t i o n  ( 3 )  i s  d e r i v e d  u s i n g  t h e
S
V (x )  = V 1 -
( 4 )
(5 )
w he re  V^ i s  t h e  o v e r a l l  r u n n i n g  v o l t a g e  and S i s  a s h a p e  f a c t o r  w h i c h  can  b e  shown t o  be  
a l m o s t  e n t i r e l y  a f u n c t i o n  o f  R.  For  an u n r e s t r i c t e d  g l o w ,  f  < d ,  S h a s  i t s  maximum
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v a l u e  Sm o f
1 - e x p ( - K )
One o t h e r  f a c t o r  w h i c h  h a s  t o  be  t a k e n  i n t o  a c c o u n t  i s  t h e  t e m p e r a t u r e  e f f e c t .
As t h e  p a n e l  warms up due to  t h e  d i s s i p a t i o n  t h e  g a s  d e n s i t y  i n  t h e  c e l l  i s  r e d u c e d .  
T h i s  ca n  be  i n t r o d u c e d  by r e p l a c i n g  p r e s s u r e  p by p / h  w h e re  h i s  a h e a t i n g  f a c t o r  
g i v e n  as  a f u n c t i o n  o f  t h e  pow er  d i s s i p a t i o n  W.
h = 1 + A W (6)
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F i g . 6 .  A c o m p a r i s o n  b e t w e e n  e x p e r i m e n t a l  and  
t h e o r e t i c a l  1 -V c h a r a c t e r i s t i c s  f o r  t h e  
g r a p h i t e - c a t h o d e  s t o r a g e  p a n e l
U s i n g  t h e  e q u a t i o n s  ( 1 )  ( 4 )  and ( 5 ) ,  and t a k i n g  i n t o  a c c o u n t  w a l l  l o s s e s
e f f e c t s ,  a c u r v e  f i t t i n g  r o u t i n e  h a s  b e e n  u s e d  t o  co m p ut e  v a l u e s  o f  t h e  
The r e s u l t s  g i v e  r e a s o n a b l e  a g r e e m e n t  o f  t h e  t h e o r y  w i t h  e x p e r i m e n t  o v e r  
p r e s s u r e s  and c e l l  g e o m e t r i e s  a s  i l l u s t r a t e d  i n  f i g u r e  6 w h e r e  some i - V  
a r e  c o m p a r e d .  The t h e o r y  a l l o w s  t h e  e f f e c t  o f  c h a n g i n g  p a r a m e t e r s  t o  be  
t h e r e f o r e  c o n d i t i o n s  to  be  o p t i m i s e d .  As e x a m p l e ,  f i g u r e  7 p l o t s  t h e  vo  
a v a i l a b l e  b e t w e e n  t h e  Ve ( max) and V g ( m£n ) a g a i n s t  t h e  po w er  c o n s u m p t i o n  
e q u i v a l e n t  w o r k i n g  v o l t a g e  f o r  d i f f e r e n t  c e l l  d i a m e t e r s .  F i g u r e  8 shows  
d i s s i p a t i o n  a t  t h e  w o r k i n g  v o l t a g e  f o r  d i f f e r e n t  m a t e r i a l s ,  f ro m w h i c h  i  
t h e r e  i s  l i t t l e  t o  be  g a i n e d  by u s i n g  a m a t e r i a l  o f  h i g h e r  K v a l u e  ( l o w e  
s i n c e  a l t h o u g h  t h e  c u r r e n t  i s  r e d u c e d  t h e  v o l t a g e  r i s e s  and t h e r e  i s  no  
r e d u c t i o n  i n  po we r  c o n s u m p t i o n .
and t e m p e r a t u r e  
v a r i o u s  c o n s t a n t s  
a r a n g e  o f  
c h a r a c t e r i s t i c s  
p r e d i c t e d  and 
1 t a g e  gap  
a t  th e  
t h e  power  
t  a p p e a r s  t h a t  
r y )  t h a n  c a r b o n  
ap p re  c i a b l e
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F i g . 7 .  The v o l t a g e  gap (Vc
as  a f u n c t i o n  o f  t h e  p o w e r “ c t i s s  i p a t e d  
f o r  v a r i o u s  c e l l  g e o m e t r i e s  ( f r o m  t h e  t h e o r y )
F i g . 8 .  Power  d i s s i p a t i o n  f o r  v a r i o u s  
c a t h o d e  m a t e r i a l s  ( f r o m  t h e  t h e o r y )
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C o n c l u s i o n s
A s t o r a g e  d . c .  p a n e l  h a s  b e e n  d e s i g n e d  w h i c h  can  be  o p e r a t e d  i n  b u l k - w r i t e / r a n d o m -  
e r a s e  mode w i t h o u t  t h e  n e e d  f o r  s e r i e s  r e s i s t o r s .  The p a n e l  e x p l o i t s  t h e  h i g h  
i m p e d a n c e  c h a r a c t e r i s t i c s  o f  t h e  d i s c h a r g e  c e l l  w i t h  g r a p h i t e  c a t h o d e s  t o  c o n t r o l  t h e  
c u r r e n t ,  and i s  s i m p l e  i n  s t r u c t u r e .  The r e s u l t i n g  d i s p l a y  i s  e x t r e m e l y  b r i g h t  
a l t h o u g h  t h i s  i s  a t  t h e  e x p e n s e  o f  a h i g h  d i s s i p a t i o n .
A t h e o r e t i c a l  m o d e l  h a s  b e e n  d e v e l o p e d  w h i c h  i s  a b l e  t o  e x p l a i n  t h e  m a j o r  f e a t u r e  
o f  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  p a n e l ,  and a l l o w s  t h e  e f f e c t s  o f  p a r a m e t e r  
c h a n g e s  t o  be  p r e d i c t e d .
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